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In den letzten Jahrzehnten wurden zunehmend Berichte über die Kontamination von 
Gewässern durch Spurenschadstoffe veröffentlicht. Dabei stellen persistente und polare 
Spurenschadstoffe ein besonders großes Risiko dar, da sie in das Grundwasser sickern können 
und somit die Haupt-Trinkwasserquelle vieler europäischer Länder verunreinigen können. 
Aus diesem Grund ist es im Interesse der Umweltbehörden und der Forschung das Verhalten 
dieser Spurenschadstoffe in der Umwelt zu untersuchen. Herkömmliche Methoden zur 
Einschätzung des Umweltverhaltens basieren auf Konzentrationsmessungen eines 
Schadstoffes, sowie dessen Abbauprodukt. Wird ein Abbauprodukt allerdings nicht nur 
gebildet, sondern dieses ebenfalls weiter transformiert, können die Resultate über das 
Abbauverhalten der Muttersubstanz mehrdeutig sein. Neben dem weiteren Abbau des 
Metaboliten kann es durch unterschiedliche Mobilitäten des Metaboliten und des 
Ausgangsstoffes, sowie durch wiederholte Remobilisierungen aus dem Boden zu 
Fehleinschätzungen bezüglich des Abbaus kommen, was eine Risikobeurteilung erschwert. 
Eine alternative Herangehensweise zur Identifikation von Abbauprozessen ist die 
substanzspezifische Stabil-Isotopen-Analytik (compound-specific stable isotope analysis, 
CSIA). Bei dieser Methode wird die natürliche Verteilung der Isotopenhäufigkeit eines 
Elements (z.B. Kohlenstoff, Stickstoff) analysiert. Bisher war die substanzspezifische Stabil-
Isotopen-Analytik allerdings auf die Analyse von Schadstoffen im unteren µg/l 
Konzentrationsbereich beschränkt. Daher war ein Ziel dieser Arbeit den Anwendungsbereich 
der substanzspezifischen Stabil-Isotopen-Analytik zu erweitern, um robuste Analysen für 
umweltrelevante Konzentrationen zu bewerkstelligen. Realisiert wurde dies durch die 
Entwicklung analytischer Methoden für polare Spurenschadstoffe in Umweltproben, sowie 
deren Anwendung auf systematische Feldstudien. Zudem wurden die Limitierungen der 
substanzspezifischen Stabil-Isotopen-Analytik im untern ng/l Konzentrationsbereich 
untersucht. Dafür wurden indikativ die häufig detektierten Spurenschadstoffe 
Desphenylchloridazon (DPC), 2,6-Dichlorbenzamid (BAM), Atrazin (ATZ) und 
Desethylatrazin (DEA) als Modellsubstanzen verwendet. 
Im zweiten Kapitel dieser Arbeit wurden Methoden zur Kohlen- und 
Stickstoffisotopenanalyse (δ13C und δ15N) polarer Spurenschadstoffe am Beispiel von DPC 
entwickelt. Zur Bestimmung der Kohlenstoffisotopenverhältnisse wurde 
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Flüssigchromatographie mit einem Isotopenmassenspektrometer (LC-IRMS) gekoppelt, 
während für die Bestimmung der Stickstoffisotopenverhältnisse eine Methode mittels 
Derivatisierung und Gaschromatographie-Isotopenmassenspektrometrie entwickelt wurde. 
Beide Methoden zeigten reproduzierbare und akkurate δ13C und δ15N Isotopenwerte mit einer 
Präzisionsgrenze im µg/l Konzentrationsbereich. Dabei waren 996 ng an DPC auf der GC-
Säule (on-column) ausreichend für die Kohlenstoffisotopenanalyse. Für die 
Stickstoffisotopenanalyse musste das DPC zunächst mit einem 160-fachen Überschuss an 
Trimethylsilyldiazomethan (TMSD) derivatisiert werden. Dabei wurde eine Präzisionsgrenze 
von 1200 ng DPC auf der GC-Säule bestimmt. Da Spurenschadstoffe in der Umwelt allerdings 
in einem geringeren Konzentrationsbereich vorkommen (ng/l bis µg/l), war eine Optimierung 
dieser Methode hinsichtlich ihrer Sensitivität notwendig. Durch die Probeninjektion direkt auf 
die GC-Säule (on-column Injektion) statt der bisherigen Splitless-Injektionstechnik, konnte 
für die Bestimmung der Stickstoffisotopenverhältnisse eine Präzisionsgrenze von 100 ng DPC 
auf der GC-Säule erreicht werden. Danach wurde die Eignung beider Methoden für die 
Messung von niedrig konzentrierten Umweltproben geprüft. Dafür wurden die 
Stickstoffisotopenverhältnisse von DPC in mit DPC kontaminiertem Sickerwasser analysiert. 
Zusätzlich wurde das Sickerwasser mit Chloridazon (CLZ) versetzt, welches sich nach und 
nach zu DPC abgebaut hat. Die Analyse der Stickstoffisotopenverhältnisse von DPC zeigte 
Unterschiede in den Isotopensignaturen, was die Differenzierung zwischen unterschiedlichen 
Eintragungsquellen des DPCs ermöglicht. 
Nachdem die Methoden zur CSIA polarer Spurenschadstoffe am Beispiel des DPCs in 
Kapitel 2 entwickelt worden war, wurde eine systematische Feldstudie zum Umweltverhalten 
des DPC und seiner Ausgangsverbindung CLZ in Lysimetern durchgeführt. Die in Kapitel 3 
beschriebene Studie lieferte neue Erkenntnisse über den Abbau von DPC. Dabei wurde der 
Aspekt der zeitgleichen Bildung und Transformation des Metaboliten betrachtet. Die 
Erkenntnisse wurden mithilfe zweier analytischer Ansätze ermittelt: der bereits etablierten 
Methode basierend auf den Konzentrationsverhältnissen von Metabolit zu Ausgangsstoff, und 
der seit kurzem verfügbaren Kohlenstoff- und Stickstoffisotopenanalytik. Es zeigte sich, dass: 
(i) DPC in allen Lysimetern mit einer signifikanten 13C und 15N Anreicherung von bis zu +4 ‰ 
bzw. +3 ‰ transformiert wurde und (ii) das gebildete DPC, welches noch nicht transformiert 
worden war, den gleichen Stickstoffisotopenwert wie sein Ausgangsstoff CLZ hatte. Nachdem 
es allerdings weiter abgebaut wurde, konnte eine signifikante Kohlenstoff- und 
Stickstoffisotopenfraktionierung beobachtet werden. Das Ausmaß der Isotopenfraktionierung 
wurde teilweise durch die Remobilisierung von nicht-transformiertem DPC abgeschwächt. 
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Zudem zeigte sich, dass das Ausmaß der Isotopenfraktionierung in Abhängigkeit von der Art 
der Anwendung des Herbizides und des Metaboliten variierte. Dies impliziert den Einfluss 
von Pflanzen und der präferentiellen Flüsse auf die Bildung und den Abbau von DPC. 
Zusätzlich konnte gezeigt werden, dass (iii) bei einer Transformation von DPC die 
Isotopensignatur als Indikator für den Abbau zuverlässiger war, als das Verhältnis von 
Metabolit zu Ausgangsverbindung. Daher diente CSIA als Indikator für die DPC-
Transformation, vorausgesetzt, es findet keine gleichzeitige Bildung und Transformation von 
DPC statt. Sobald jedoch die DPC-Bildung dominierte, war der Nachweis des DPC-Abbaus 
durch CSIA nicht mehr eindeutig, da die Änderungen der Isotopenwerte durch den erneuten 
Eintrag von DPC verringert wurden. Dabei erreichten die Metabolit-zu-Ausgangsstoff-
Verhältnisse ein Maximum und konnten somit den Nachweis für die DPC-Bildung erbringen. 
Das bedeutet, dass sich beide Methoden ergänzen, insbesondere, wenn nur ein teilweiser 
Abbau des Herbizids stattfindet, denn während das Metabolit-zu-Ausgangsstoff-Verhältnis 
Informationen über die Remobilisierung eines Analyten liefert, zeigt CSIA die Entwicklung 
des Abbaus einer Verbindung. 
Das vierte Kapitel dieser Arbeit befasst sich mit den Herausforderungen der CSIA polarer und 
persistenter Spurenschadstoffe im natürlichen System Grundwasser. Zur Identifikation und 
Bewertung der Herausforderungen wurde Grundwasser mit ATZ, DEA und BAM versetzt und 
die Modellsubstanzen aus großen Volumina extrahiert. Im Gegensatz zu den vorangegangenen 
Laborversuchen, bei denen die Analyten in Leitungswasser gelöst waren, führte die Extraktion 
der Substanzen aus dem Grundwasser zu kleinen und nicht reproduzierbaren 
Wiederfindungsraten. Als Grund für die unvollständige Wiederfindung der Analyten wird der 
Einfluss der Grundwassermatrix bei der Extraktion angenommen. So können organische 
Bestandteile des Grundwassers wie z.B. Humin- und Fulvinsäuren mit den Modellsubstanzen 
ATZ und DEA sogenannte Analyt-Fulvinsäure-Komplexe bilden. Diese Komplexe werden 
vor allem unter sauren pH-Bedingungen gebildet und das Einstellen eines niedrigen pH-
Wertes war Teil dieser Methode. Neben den unvollständigen Wiederfindungsraten wurde bei 
der großvolumigen Probenanreicherung (Extraktion von bis zu 100 L pro Probe) eine starke 
Isotopenfraktionierung beobachtet. Die Fraktionierung entsteht durch den Einfluss der Matrix, 
welche ebenfalls bei der Festphasenextraktion angereichert wurde. Dabei beeinträchtigt die 
Isotopensignatur der organischen Bestandteile des Grundwassers die Isotopensignatur des 
Analyten und kann, falls nicht identifiziert, zu einer Fehleinschätzung in der Quantifizierung 
des Schadstoffabbaus führen. Die Prüfung der in diesem Kapitel vorgestellten Methode zeigt 
die Notwendigkeit einer kritischen Begutachtung und Identifikation von Fehlerquellen im 
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Vorfeld von künftigen Methodenentwicklungen mit besonderem Augenmerk auch auf 
Matrixeffekte. Ziel zukünftiger Studien wird es sein, die in diesem Kapitel identifizierten 
Limitierungen der substanzspezifischen Stabil-Isotopen-Analytik durch die 




Reports of the contamination of natural water bodies with micropollutants have increased in 
the last decades. Most importantly, persistent and polar micropollutants are of major concern 
as they may leach into groundwater, the main source of drinking water in many countries 
within the European Union. Consequently, for environmental authorities and researchers, it is 
important to investigate the environmental fate of such micropollutants. Conventional 
assessment approaches rely on changes in concentrations of the contaminant and its 
metabolite. This, however, is often inconclusive as the simultaneous formation and 
transformation of the metabolite, differences in the mobility between parent compound and 
metabolite, or repeated mobilization may lead to erroneous interpretations. Compound-
specific stable isotope analysis (CSIA) is a complementary approach to identify 
transformation processes based on the analysis of natural isotope abundances of an element 
(e.g. carbon, nitrogen). As CSIA has so far been limited to the analysis of pollutants in the 
sub-µg/L range, this thesis aims to broaden the application of CSIA by developing analytical 
methods for polar micropollutants in environmental samples, applying these for systematic 
field studies and testing the limits of CSIA in concentrations in the low ng/L range. To this 
end, the frequently detected micropollutants desphenylchloridazon (DPC), 2,6-
dichlorobenzamide (BAM), atrazine (ATZ) and desethylatrazine (DEA) were used as model 
compounds. 
In the second chapter of this thesis, methods for carbon- and nitrogen-isotope analysis (δ13C 
and δ15N) of polar micropollutants were developed using liquid chromatography-isotope-ratio 
mass spectrometry (LC-IRMS) and derivatization gas chromatography-IRMS (GC-IRMS). 
DPC was used as a representative compound for polar contaminants during method 
development. Both methods resulted in reproducible and accurate δ13C and δ15N analysis of 
DPC with a limit of precise isotope analysis in the µg/L concentration range. For carbon 
isotope analysis 996 ng of DPC on-column were sufficient. Nitrogen isotope analysis was 
achieved by derivatization of DPC with a 160-fold excess of (trimethylsilyl)diazomethane. To 
enable the application of CSIA to environmental samples, where micropollutants are present 
in a concentration range of ng/L to sub-µg/L, more sensitive methods were required. Thus, the 
nitrogen isotope analysis was optimized using on-column injection, which resulted in accurate 
δ15N analysis for amounts greater than 100 ng DPC on-column. The feasibility of both 
methods was proven by measuring the isotopic composition of DPC in DPC-containing 
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environmental-seepage water spiked with chloridazon (CLZ). The analysis indicated that it is 
possible to distinguish DPC containing different isotopic signatures. 
After the feasibility of CSIA for polar micropollutants such as DPC was shown, a systematic 
field study of the DPC and its parent compound CLZ was carried out as detailed in Chapter 3. 
This study gave new insights into DPC degradation pinpointing the influence of simultaneous 
formation and transformation of the metabolite using two analytical approaches—the well-
established metabolite-to-parent compound ratio and the recently available carbon and 
nitrogen CSIA. We found that (i) DPC was transformed in all lysimeters, showing a significant 
enrichment in 13C and 15N by approximately +4 ‰ and +3 ‰, respectively. (ii) Formed DPC, 
which had not been subject to further transformation yet, showed the same nitrogen isotope 
value as its precursor CLZ. As further transformation took place, significant carbon and 
nitrogen isotope fractionation was observed that was partially attenuated when mixing with 
freshly mobilized DPC from the vadose zone took place. The extent of isotope fractionation 
varied depending on the method of application of the parent herbicide and metabolite, 
implying the influence of plants, and the preferential flow on the formation and degradation 
of DPC. Additionally, we demonstrated that (iii) when DPC was further transformed, the 
isotopic signature, as an integrated signal of DPC degradation, was more reliable as an 
indicator of degradation than the metabolite-to-parent-compound ratio. Hence, this study 
enables the application of CSIA as an indication of DPC transformation, provided that there 
is no simultaneous formation and transformation of DPC. On the other hand, when DPC 
formation dominated and evidence from CSIA was not conclusive because changes in isotope 
values were reduced by the fresh input, metabolite-to-parent-ratios reached a maximum and 
could provide evidence of DPC formation. This leads to the conclusion that both methods are 
complementary, in particular when only partial degradation of the herbicide is occurring. 
While the metabolite-to-parent ratio provides information about the re-mobilization of a 
compound, CSIA shows the evolution of a compound’s degradation. 
In Chapter 4 of this thesis, challenges in CSIA of polar and persistent micropollutants in 
groundwater were identified and critically discussed by evaluating a large volume extraction 
method of up to 100 L groundwater using ATZ, DEA and BAM as model compounds in low 
ng/L concentration ranges. It was found that, in contrast to previous laboratory experiments, 
where tap water was used, extracts from environmental groundwater resulted in low and non-
reproducible recoveries. Since groundwater contains organic matter such as humic and fulvic 
acids, and as acidification was part of the extraction procedure, it is assumed that the change 
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in pH prior to solid-phase extraction (SPE) may favor the formation of analyte-fulvic acid 
complexes leading to the low recoveries observed. In addition to unsatisfactory recoveries, the 
extensive sample enrichment also resulted in an extensive isotope fractionation as the isotopic 
signature of the organic matter interfered with the carbon isotope ratio of the target analytes. 
Such an interference would lead to an overestimation in the quantification of degradation, if 
unidentified. Thus, it is essential for future analytical method developments to critically 
evaluate each method and to include the investigation about a possible influence of sample 
matrix on the analysis already in the pre-tests. As this study has shown the limitations of CSIA 
of polar micropollutants in complex sample matrices, future studies may use this as a starting 
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1.1. Groundwater Contamination with Micropollutants 
Worldwide, groundwater is one of the most important resources for drinking water 
abstraction1-3. To ensure its quality, groundwater is constantly screened for contaminants. In 
the last decades, however, reports about the detection of micropollutants in natural water 
bodies have increased4-8. Micropollutants are typically detected in water in concentration 
ranges of pg/L to the low µg/L range, and their toxicity may have an impact on human and 
ecosystem health even at these low concentrations9. Frequently identified micropollutants are 
agrochemicals and their degradation products10, due to their widespread application. Because 
of their persistency, some of these contaminants still emerge in groundwater screenings even 
though their application was forbidden decades ago. An example of such a micropollutant is 
atrazine (ATZ), which is frequently detected in natural water bodies exceeding the limit 
permissible in drinking water (0.1 µg/L)11-13, even though its application has been forbidden 
by the European Union since 200414. Consequently, the presence of such persistent mobile 
organic contaminants (PMOCs) is of major concern15. 
For some micropollutants, such as chloridazon (CLZ) and dichlobenil (DCB), the risk of 
groundwater contamination is even increased when more polar transformation products are 
formed. Both desphenylchloridazon (DPC, from chloridazon) and 2,6-dichlorobenzamide 
(BAM, from dichlobenil) are more persistent and more polar than their respective parent 
compounds, resulting in a higher leaching potential5, 16-18. It is therefore important to assess 
the environmental fate of such polar micropollutants. 
 
1.2. Approaches to Identify the Environmental Fate of Micropollutants 
The detection and conclusive demonstration of a contaminant’s degradation or transformation 
in the field is often difficult. Analytical techniques which are commonly used to identify the 
environmental fate of a compound usually rely on concentration measurements and the 
resulting metabolite-to-parent compound molar ratio as well as further dating tools19-22. 
Assessing a compound’s fate in the field based on these tools, however, may be biased, as the 
metabolite-to-parent ratio can be influenced by i) further transformation of the metabolite, ii) 
changes of the ratio due to a recharge of the parent compound, or iii) a non-closed mass balance 
caused by processes such as sorption or the presence of additional transformation pathways23, 
24. Thus, in addition to these conventional methods, a complementary approach has been 
developed within the last decades: compound-specific stable isotope analysis (CSIA). CSIA 
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uses the natural isotopic abundance of the target analyte25. Isotope values, such as carbon 
(δ13C) and nitrogen (δ15N) isotope values are usually expressed using the delta notation in per 
mille (‰) as described in equation 1.1 and 1.2. The isotope ratios (13C/12Csample and 
15N/14Nsample) are stated relative to the international references Vienna PeeDee Belemnite (V-
PDB) for carbon and air for nitrogen26, 27. 
 
δ C13 = C






δ N15 = N





The isotopic ratio of a compound can give evidence on the origin of the analyte and serves as 
a compound’s isotopic “fingerprint”. These ratios change during (bio)degradation or 
transformation due to kinetic isotope effects, as molecules with lighter isotopes (e.g. 12C or 
14N) are usually transformed faster than their heavier counterparts (e.g. 13C or 15N). 
Consequently, an enrichment of heavy isotopes is observed in the remaining substrate, 
resulting in an isotopic “footprint” of degradation24, 28. Different scenarios of the evolution of 
the isotope ratio of a contaminant during a reaction are shown in Figure 1.1. 
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Figure 1.1: Evolution of isotope ratios of a reactant Q during a reaction, when A. Q is not involved in any process and 
does show the source isotopic signature, B. the reactant Q is transformed or (bio)degraded into a product P and shows 
a change in its isotopic signature, C. Q is degraded to metabolite P – Q is reacting, for example at a carbon atom, while 
its nitrogen group is unaffected. This leads to a change in the 13C/12C isotope ratio in Q, while P shows the source 
signature in its 15N/14N isotope ratio, D. Q is biodegraded and its products P1 and P2 are formed in sequence; the 
source signature (“Fingerprint”) of the parent compound is shown as a red line. 
 
While the analysis of only one element (e.g. 12C/13C) can detect significant differences in 
isotope values, in the field it is often difficult to pinpoint the reason for these changes (mixing 
of sources vs. degradation, etc.). Thus, the isotope analysis of an additional element (e.g. 
15N/14N) can be essential to provide complementary insights into such processes, which are 
often crucial to distinguish between different transformation pathways24. 
In environmental science, CSIA has been successfully applied to study the origin and 
degradation of pollutants and micropollutants such as industrial products (e.g., chlorinated 
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solvents and petroleum hydrocarbons), pharmaceuticals and pesticides in soil and water28-33. 
In particular, CISA was used to identify different sources of micropollutants33, 34 as well to 
investigate whether transformation of a pollutants occurs30, 35. Once transformation of a 
contaminant had been identified, CSIA was used to distinguish different degradation 
pathways23, 36-39 and estimate the corresponding transformation rates40, 41. 
So far, this has only been accomplished for a small group of pollutants such as chlorinated 
ethanes. In that case, recent method developments42-44 enabled the investigation of how 
different transformation pathways 43, 45-47 are linked to transformation pathways observed in 
the field44. For micropollutants such as ATZ and BAM, however, development of analytical 
methods48, 49 and their application towards the investigation of transformation pathways23, 50 
have just started in recent years. The link towards their investigation in the field has only partly 
been accomplished, and such approaches are still limited due to several challenges faced in 
CSIA29, 48, as described in the following section. 
 
1.3. Challenges in Compound-Specific Stable Isotope Analysis in Complex Sample 
Matrices 
There are several challenges that need to be solved in order to enable the full application of 
CSIA and thus the increased knowledge of the environmental fate of polar micropollutants. 
Here, the challenges can be attributed to two main reasons: (i) limitations due to the 
instrumental set-up, (ii) analytical challenges caused by the concentration at which polar 
micropollutants are present in the environment as well as their complex chemical properties 
(e.g., presence of heteroatoms)51. 
Compound-specific stable isotope analysis is accomplished by coupling either a gas 
chromatograph (GC) or a liquid chromatograph (LC) to an isotope ratio mass spectrometer 
(IRMS). Both GC-IRMS and LC-IRMS are based on the principle of chromatographic 
separation hyphenated with the ability of detecting isotope ratios by combustion or pyrolysis 
of the separated analytes into a suitable measurement gas such as CO2 or N2 51, 52. The system 
commonly used for CSIA is shown in Figure 1.2.  
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Figure 1.2: A. Schematic principle of CSIA and B. instrumental set-up of a gas chromatograph coupled to an isotope 
ratio mass spectrometer used for carbon isotope analysis of volatile and semi-volatile compounds, adapted from Elsner 
et al.51. 
 
1.3.1. Instrumental Challenges in the Analysis of Polar Micropollutants 
Pesticides and their metabolites often contain functional groups and heteroatoms that reduce 
their volatility. Consequently, as in the case of DPC, they tend to decompose after injection 
into the GC and are thus not amenable for GC-IRMS analysis. There are two approaches for 
the analysis of polar micropollutants: (i) to enhance their volatility by derivatization prior to 
GC-IRMS analysis, (ii) determination of the isotope ratio by LC-IRMS. For carbon isotope 
analysis, derivatization GC-IRMS analysis is challenging as the derivatization agent may 
introduce extraneous carbon atoms into the analyte molecule, which changes the isotopic 
signature of the target analyte. To guarantee that the derivatization used is non-isotope-
discriminating, all derivatization procedures need extensive validation. Thus, LC-IRMS is 
often used for the determination of carbon isotope values of polar micropollutants, as analytes 
can be analyzed without derivatization53. As shown in Figure 1.3, LC-IRMS oxidation of the 
analyte into a suitable measurement gas is realized by its reaction with the chemical oxidation 
agent peroxodisulfate at an elevated temperature and in aqueous phase54. This application is 
particularly challenging for method development of analytes in complex sample matrices, as 
full peak separation has to be achieved, while the mobile phase must not consist of organic 
solvents. (If organic solvents were added to the mobile phase, they would be transformed to 
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CO2 like the analyte and thus interfere with its carbon isotope ratio as they become 
indistinguishable55, 56.) 
 
Figure 1.3: Schematic set-up of a liquid chromatograph coupled to an isotope ratio mass spectrometer51. 
 
An additional challenge is that this approach is limited to the detection of carbon isotope ratios 
as there is no method to quantitatively generate N2 from a nitrogen-containing analyte by wet 
oxidation. Further, it is challenging to measure the isotope ratio of the generated N2 against 
the high background of N2 present in the atmosphere56, 57. Consequently, derivatization GC-
IRMS is used for nitrogen isotope analysis of polar micropollutants, as nitrogen isotopes are 
less affected by derivatization. As no extraneous nitrogen atom is introduced, the nitrogen 
isotope ratio of the derivatized compound is expected to be equivalent to the nitrogen isotope 
ratio of the non-derivatized analyte. (See Elsner et al.51 and Reinnicke et al.58 for a detailed 
summary of derivatization reagents frequently used for derivatization GC-IRMS.) 
As each method has its advantages and disadvantages, derivatization GC-IRMS and LC-IRMS 
are complementary methods and are used in combination to measure the isotope ratios of 
carbon and nitrogen of a polar micropollutant51. 
 
1.3.2. Analytical Challenges of Polar Micropollutants in Complex Sample Matrices 
1.3.2.1. Challenges in GC-IRMS Analysis Attributed to the Complex Chemical Structure of 
Polar Micropollutants 
Polar compounds potentially lead to analytical challenges because of their complex chemical 
properties. In particular the presence of heteroatoms can cause difficulties to combust the 
analyte completely into the measurement gas. In the case of incomplete conversion systematic 
isotope fractionation may occur. Additionally, for GC-IRMS applications it can be demanding 
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to convert polar substances into the gas phase and to separate them chromatographically as 
their polarity has an effect the peak shape51, 58. 
1.3.2.2. Small Concentrations of Micropollutants in Complex Sample Matrices 
In contrast to conventional analytical methods like GC-MS, CSIA requires higher amounts of 
sample for precise and true isotope analysis. This can be attributed to differences in the natural 
isotope abundance of the elements as the heavier isotopes are rarer than their lighter 
counterparts (Table 1.1). Consequently, instruments must be highly sensitive in order to detect 
small differences within the small amount of the heavy isotope51. 
 
Table 1.1: CSIA isotope parameters for elements occurring in micropollutants; adapted from 34, 51, 59, 60, n.a. = not 
applicable. 









Hydrogen 2H 0.01557 Pyrolysis H2 30 ng H 6 
Carbon 13C 1.1056 Combustion CO2 10 ng C 0.5 
Nitrogen 15N 0.3663 Combustion N2 42 ng N 1 
Chlorine 37Cl 24.211 n.a. CxHyClz or HCl 
5 or 10-30 ng 
TCE 0.2 or 0.5-1 
 
Comparing the mass of an element needed for accurate isotope analysis with the 
concentrations of micropollutants that are typically present in groundwater (pg/L to low µg/L), 
methodological and instrumental advances are essential61. 
One methodological approach is the application of large volume solid-phase extraction (SPE) 
in combination with on-column injection. As shown by Schreglmann et al.48 and Torrentó et 
al.62, this approach enables the concentration of target analytes in the low µg/L range without 
any isotope discrimination. Nevertheless, extensive sample clean-up is required as SPE does 
not only concentrate the target analyte, but also matrix components causing co-elution with 
the target analyte and interferences in the determination of the isotopic signature. Thus, further 
approaches such as (semi-)preparative HPLC and/or molecularly imprinted solid-phase 
extraction (MISPE) are often necessary for sample preparation in addition to concentration 
techniques63. 
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Beside methodological advances to realize the trace analysis of compounds, recent 
instrumental modifications were developed focusing on the improvement of sensitivity by the 
optimization of peak width, reduction in the system’s dead volume, in sample loss, and 
increase in resolution64. Thus, to increase the instrument’s sensitivity, different devices have 
been suggested for optimization. These include modification of the injection technique65, 
thinner diameters of capillaries used for GC and transferline66 as well as different designs of 
the combustion furnace66, 67 and interfaces65. In all studies, a gain in sensitivity was reported. 
The lowest limit of precise isotope analysis was published by Baczynski et al. 66, where carbon 
isotope ratios of n-alkanes were analyzed accurately at a concentration of 100 pmol carbon on 
column. 
For the identification and quantification of analytes in complex sample matrices, 
multidimensional separation techniques such as comprehensive GCGC-TOFMS have been 
widely applied68-71. In contrast, its application in isotope analysis is only slowly emerging72-75 
and even though it has been shown that these instrumental modifications do not introduce an 
isotope fractionation and decrease the limit of precise isotope analysis, they have not yet been 
applied to environmental samples with complex matrices.  
Consequently, appropriate analytical approaches to investigate the environmental fate of polar 
micropollutants by CSIA are not available. Even though first methods for pesticides have been 
developed76 and optimized48 for the analysis of contaminants in a µg/L range, micropollutants 
occur in the environment in even lower concentrations (low µg/L to ng/L). Thus, the 
development of isotope fractionation-free enrichment methods for environmental samples is 
as crucial as the development of highly sensitive LC-IRMS methods for carbon isotope 
analysis and suitable GC-IRMS methods for nitrogen isotope analysis in combination with the 
minimization of sample preparation.  
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1.4. Aims and Objectives 
This thesis aims to enable sensitive isotope analysis of micropollutants in complex sample 
matrices in order to understand the environmental fate of polar, persistent, and mobile organic 
contaminants using ATZ, its metabolite DEA, BAM and DPC as model compounds. In order 
to achieve this aim, analytical methods for carbon and nitrogen isotope analysis of commonly 
detected micropollutants had to be developed, optimized and validated. I focused in particular 
on the improvement of the sensitivity and accuracy to enable a broad application of these 
methods from laboratory experiments, where analytes are usually measured in concentrations 
of mg/L, to controlled field experiments, where target analytes were present in only low µg/L 
concentration ranges. Finally, this thesis aims to apply CSIA in order to measure analytes in 
groundwater samples (low ng/L concentration range).  
The first part of this thesis (Chapter 2) investigates the feasibility of dual-element compound-
specific stable isotope analysis (CSIA) to identify the origin of polar and fairly ubiquitous 
compounds as well as their transformation in relevant concentration. DPC was used as a model 
compound for these polar micropollutants. To analyze DPC, an LC-IRMS and a derivatization 
GC-IRMS method for carbon and nitrogen isotope analysis is developed and validated. 
The methods are then applied in Chapter 3 to investigate the fate of polar and persistent 
micropollutants under controlled environmental conditions using, as in Chapter 2, DPC as 
model compound. To pinpoint the environmental fate of DPC, CLZ and DPC were applied 
separately in three scenarios. Firstly, to investigate DPC transformation in the absence of 
interferences caused by the parent compound, DPC was applied to the soil surface without the 
presence of its parent compound CLZ. In the second scenario, CLZ was applied to the soil 
surface to study the concurrent formation of DPC from CLZ and its potential degradation and 
thus mimic a realistic field scenario. Finally, CLZ was injected into the soil below the vadose 
zone to investigate the processes of sorption versus formation versus transformation The 
environmental fate of DPC was investigated by combining “traditional” approaches of 
concentration measurements (metabolite-to-parent compound ratio) and by measuring its 
change in carbon and nitrogen isotope value in a systematic lysimeter field study.  
Chapter 2 and 3 addressed the analysis of micropollutants in low µg/L concentration range. 
Their concentrations in groundwater, however, are often in the low ng/L range. Thus, in 
Chapter 4, sample preparation for CSIA was assessed to pinpoint the impact of large volume 
extraction of groundwater on the isotope fractionation of contaminants. Furthermore, the aim 
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of this chapter was to critically evaluate the necessity of careful method assessments. In 
particular, the goal was to demonstrate how the interpretation of field samples may be biased 
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2.1. Abstract  
Widespread application of herbicides 
impacts surface water and groundwater. 
Their metabolites (e.g., 
desphenylchloridzon from chloridazon) 
may be persistent and even more polar than 
the parent herbicide, which increases the 
risk of groundwater contamination. When 
parent herbicides are still applied, metabolites are constantly formed and may in addition be 
degraded. Evaluating their degradation based on concentration measurements is, therefore, 
difficult. This study presents compound-specific stable isotope analysis (CSIA) of nitrogen 
and carbon isotope ratios at natural abundances as alternative analytical approach to track 
origin, formation and degradation of desphenylchloridazon (DPC), the major degradation 
product of the herbicide chloridazon. Methods were developed and validated for carbon and 
nitrogen isotope analysis (δ13C and δ15N) of DPC by liquid chromatography-isotope ratio mass 
spectrometry (LC-IRMS) and derivatization-gas chromatography-IRMS (GC-IRMS), 
respectively. Injecting standards directly onto an Atlantis LC-column resulted in reproducible 
δ13C isotope analysis (standard deviation < 0.5 ‰) by LC-IRMS with a limit of precise 
analysis of 996 ng DPC on-column. Accurate and reproducible δ15N analysis with a standard 
deviation < 0.4 ‰ was achieved by GC-IRMS after derivatization of > 100 ng DPC with 160-
fold excess of (trimethylsilyl)diazomethane. Application of the method to environmental 
seepage water indicated that newly formed DPC could be distinguished from “old” DPC by 
different isotopic signatures of the two DPC sources. 
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2.2. Introduction 
 In many regions of the European Union, groundwater is our most important drinking water 
resource and is therefore constantly screened for contaminants1, 5. In recent years, there is 
growing concern about pollution by persistent and mobile organic contaminants such as polar 
compounds and their metabolites10, 15, 77, 78. Metabolites are often more persistent and polar 
than the parent compounds resulting in a high leaching potential with an increased risk to 
contaminate groundwater16. For some of them, however, methods are lacking to demonstrate 
their origin, formation and degradation. To evaluate their environmental fate, conventional 
models rely on parent-compound-to-metabolite-ratios. However, as pesticides are still applied 
on the field, there is a constant formation of persistent metabolites. Thus, the evaluation of 
metabolite degradation with conventional models based on concentration measurements may 
lead to bias. Further bias is introduced, when one contaminant is formed from at least two 
different sources (parent compound)23. 
A representative compound for polar contaminants is desphenylchloridazon (DPC). It is 
among the most frequently detected micropollutants related to crop production, exceeding 
concentrations of 10 µg/L in natural water4, 5, 79-85. DPC is formed by microbial degradation of 
the selective systemic herbicide chloridazon (CLZ)85-88. CLZ is being applied in the 
agricultural production of mangold, beetroot and sugar beet89. Consequently, there is a 
constant formation of DPC deriving from newly applied CLZ. DPC can be transformed to 
methyl-desphenylchloridazon (MDPC)19, 79. Its transformation pathway and environmental 
fate, however, are still mostly unknown. 
This study presents compound-specific stable isotope analysis (CSIA) as an alternative 
approach to identify a compound's origin and transformation by analyzing stable isotope ratios 
at natural abundance34. As herbicides deriving from different manufacturers may differ in their 
13C/12C and/or 15N/14N isotopic signatures, isotope analysis enables a distinction between 
different sources. In particular, DPC contains the same nitrogen atoms as its parent compound 
CLZ so that it is expected to show also the same nitrogen isotope signature - provided that the 
isotope ratio is not changed by isotope effects during degradation. In contrast, only part of the 
carbon atoms of CLZ are transferred to DPC, because it is formed by cleavage of the phenyl-
ring from the heterocyclic pyridazine-ring (see structures in Table A1) so that DPC may show 
a different carbon isotope signature compared to CLZ. Carbon isotope analysis, however, may 
still be particularly insightful, because changes in isotope ratios of DPC may be detected by 
CSIA to deliver evidence about formation and (bio)degradation of this persistent metabolite. 
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Since molecules with light isotopes are usually degraded more rapidly than those with heavy 
isotopes, transformation leads to an enrichment of heavy isotopes in the fraction of remaining 
pesticide23. This increase in the isotope ratio (e.g., 13C/12C) can therefore give evidence of the 
degradation of the compound23. By combining both elements in the form of a dual-element 
isotope plot, further information about the reaction mechanism of a compound’s degradation 
or its origin can be gained61. 
Even though methods for carbon- and nitrogen-isotope analysis exist for several pesticides 
and their metabolites23, 29, 32, 33, 49, 90-92, most CSIA methods of environmental compounds have 
focused so far on GC-amenable compounds. CSIA is typically accomplished by coupling gas 
chromatography (GC) to isotope ratio mass spectrometry (IRMS). Like most polar organic 
compounds, however, DPC is not amenable to GC as it decomposes before reaching a boiling 
point (see Table A1). To analyze the isotopic composition of such polar organic compounds, 
derivatization-GC-IRMS has been brought forward as alternative strategy32, 33, 58, 93. This 
approach is chosen as the methylation of DPC enhances its GC suitability. Methylation of a 
compound using “mild” derivatization reagents (e.g., trimethyl sulfonium hydroxide (TMSH), 
methanol/BF3) allows control over the isotope ratio of the methyl group that is introduced. 
Hence, the change in the 13C/12C composition of the target analyte caused by the introduction 
of an additional carbon atom can be corrected by equations stated in the literature58, 94, 95. 
However, these mild reagents fail to derivatize groups of low reactivity such as amino-, amide-
, or hydroxyl-groups.  
Consequently, for compounds containing less reactive groups an alternative strategy must be 
followed. For 13C/12C isotope analysis, liquid chromatography is the method of choice 51, 96-98. 
LC-IRMS has the advantage that compounds can be analyzed directly without derivatization, 
but the liquid chromatography presents the challenge that carbon isotope measurements must 
be conducted without organic eluents, which otherwise would be converted to CO2 and would 
interfere with 13C/12C analysis of the analyte56, 57. For nitrogen isotope analysis such sensitive 
LC-IRMS is not possible, but here GC-IRMS after derivatization by more reactive reagents is 
an option, because for 15N/14N analysis control over carbon isotope ratios is not required. To 
this end, the idea of Kuhlmann99 is followed, where the methylation of DPC with 
diazomethane is described. Further adaptions described by Mogusu et al.33 use 
(trimethylsilyl)diazomethane (TMSD), a less explosive substitute compared to diazomethane, 
to methylate polar organic compounds100, 101. For diazomethane and TMSD the control over 
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the isotope value of the additional carbon atom is lost since no reproducible isotope effects are 
expected58. As the methylation leaves the 15N/14N ratio unaffected, however, this approach is 
well suitable for nitrogen isotope analysis. 
Following these two approaches, this study demonstrates the feasibility of dual-element 
isotope analysis of a very polar and fairly ubiquitous environmental contaminant using 
complementary methods for LC-IRMS and GC-IRMS. The development of a precise and true 
method102 for LC-IRMS and GC-IRMS to measure 13C/12C and 15N/14N isotope ratios of DPC 
is presented. The developed methods were optimized and a feasibility study tested the 
applicability to environmental seepage water to probe for formation of DPC from different 
sources simulating a typical field situation. 
 
2.3. Experimental / Methods 
2.3.1. Chemicals 
Desphenylchloridazon (5-Amino-4-chloro-3-pyridazinone, CAS no.: 6339-19-1) was 
obtained from BASF (99.8%, Limburgerhof, Germany). Methyl-desphenylchloridazon (5-
amino-4-chloro-2-methyl-3(2H)-pyradizone, CAS no.: 17254-80-7) was purchased from LGC 
Standards GmbH (Wesel, Germany). Chloridazon (≥98%, CAS no.: 1698-60-8) and 
Acetochlor (96.3%, CAS no.: 34256-82-1) were sourced from Chemos GmbH & Co. KG 
(Regenstauf, Germany). Desethylatrazine (purity not available, CAS no.: 6190-65-4) was 
produced by Synchem (Felsberg, Germany). (Trimetylsilyl)diazomethane, 2.0 M dissolved in 
diethyl ether (CAS no.: 18107-18-1, acute toxicity and health hazardous), sodium persulfate 
(≥99.9%, CAS no.: 7775-27-1) and phosphoric acid (≥85%, CAS no.: 7664-38-2) were 
supplied by Sigma Aldrich (Merck KGaA, Darmstadt, Germany), while methanol (≥99.9%, 
CAS no.: 67-56-1) and acetone (≥99.9%, CAS no.: 67-64-1) were received from Roth 
(Karlsruhe, Germany). Ultrapure water was derived from a Millipore DirectQ apparatus 
(Millipore, Bedford, MA, USA). 
 
2.3.2. EA-IRMS Measurement for Determination of Reference Values 
Carbon and nitrogen isotope composition of our in-house standards of CLZ, DPC and MDPC 
were characterized by an elemental analyzer-isotope ratio mass spectrometer (EA-IRMS) as 
described in Meyer et al.76. A system consisting of an EuroEA (Euro Vector, Milano, Italy) 
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was hyphenated to a Finnigan MAT 253 IRMS via a FinniganTM ConFlow III interface 
(Thermo Fisher Scientific, Bremen, Germany). The standards were calibrated against the 
organic referencing materials USG 40 (L-glutamic acid), USG 41 (L-glutamic acid) and IAEA 
600 (caffeine) provided by the International Atomic Agency (Vienna, Austria). 
The carbon (δ13C) and nitrogen (δ15N) isotope values are reported in per mil relative to PeeDee 
Belemnite (V-PDB) and air, respectively, according to the equations 2.1 and 2.2: 
 
δ C13 = C






δ N15 = N





For carbon analysis by LC-IRMS, δ13C values were determined relative to our laboratory CO2 
monitoring gas, which was introduced at the beginning and the end of each analysis run. δ15N 
values were determined analogously relative to our laboratory N2 monitoring gas. Both gases 
were previously calibrated against RM8563 (CO2) and NSVEC (N2), supplied by the 
International Atomic Energy Agency (IAEA). 
 
2.3.3. Isotope Analysis by LC-IRMS 
High-performance liquid chromatography (HPLC) was carried out on a Dionex system 
consisting of an Ultimate 3000 HPLC pump and an Ultimate 3000 autosampler (Thermo 
Fisher Scientific). Chromatography was performed with an Atlantis T3 Sentry guard column 
(3 µm, 3.9 mm  20 mm, 100 Å, Waters) and an Atlantis T3 column (3 µm, 3 mm  100 mm, 
100 Å, Waters) operated at 500 μL/min isocratically with a pH 2 phosphoric acid solution at 
room temperature. Isotopic ratio measurements were carried out on a Delta V Advantage 
IRMS coupled to the LC system by an Isolink interface (Thermo Fisher Scientific). The eluting 
compounds were quantitatively oxidized using oxidant (90 g/L Na2S2O8) and phosphoric acid 
(1.5 M H3PO4), each introduced at a flow rate of 30 μL/min in the oxidation reactor held at 
99.9 °C. Before use, the reagent solutions were degassed in an ultrasonic bath under vacuum 
2. 13C- and 15N-Isotope Analysis of Desphenylchloridazon  
19 
for 30 min. To avoid re-uptake of CO2, all solutions were continuously sparged with helium 
during use. In order to avoid clogging in the system, an in-line filter with a pore size of 5 μm 
(Vici, Schenkon, Switzerland) was placed in front of the oxidation reactor of the LC-IsoLink 
interface. The ion source was held at 2 × 10-6 mbar, the accelerating voltage was 3 kV, and 
ions were generated by electron ionization at 124 eV. The injection volume ranged between 
10 and 100 µL. Peak identification was based on retention times in comparison with external 
standards. The LC-IRMS system and data collection were controlled using Isodat 3.0 software 
(Thermo Fisher Scientific). 
 
2.3.4. Derivatization Procedure with (Trimethylsilyl)diazomethane (TMSD) 
Derivatization of DPC was accomplished based on the method of Kuhlmann99 using 
diazomethane, as previous attempts with TMSH and methanol / BF3 had been unsuccessful 
(data not shown). However, due to the classification of diazomethane as toxic and explosive, 
here the more stable (trimethylsilyl)diazomethane (TMSD) was tested as a less explosive 
substitute. Reaction of the target analyte with TMSD forms diazomethane in situ, which 
subsequently methylates the analyte (see Scheme 2.1) to form MDPC. The derivatization of 
DPC with TMSD was carried out offline in 20 mL headspace vials. A 250 mg/L standard of 
DPC, dissolved in methanol, was used for method development. Derivatization of the target 
analyte was evaluated at different temperatures (50°C and 70°C, Figure A5), by varying 
reaction times (data not shown), and with different TMSD-to-analyte ratios. TMSD-to-analyte 
ratios varied between 90 and 230, which corresponds to 80 µL to 200 µL of a 2 M TMSD 
solution in diethyl ether added to 1 mL of a 250 mg/L DPC solution. After adding the TMSD, 
the vial was tightly crimped and placed for 2 h into a heated water bath. Afterwards, the 
methanol was evaporated until complete dryness using a gentle stream of nitrogen. As tested 
with standards, no nitrogen isotope fractionation was introduced during evaporation. The 
residue was reconstituted 3 times with acetone and transferred into a GC vial with a 200 µL 
insert. The final reconstitution volume for isotope measurements was 200 µL. The limit of 
precise isotope analysis and the method’s trueness was determined using varying 
concentrations of the DPC standard (5 mg/L to 1000 mg/L). 
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Scheme 2.1: Derivatization reaction of DPC with TMSD with methanol as a catalytic converter, the formation of the 
by-product during derivatization is shown in blue; the difference between the methylation of the amino-group is 
highlighted in red. 
 
2.3.5. GC-IRMS Conditions for Nitrogen Isotope Analysis 
For the analysis of δ15N isotope ratios, a GC-IRMS system consisting of a TRACE GC Ultra 
gas chromatograph (Thermo Fisher Scientific, Milan, Italy) coupled with a Finnigan MAT 253 
isotope ratio mass spectrometer (IRMS) (Thermo Fisher Scentific, Bremen, Germany) was 
used. Both instruments were linked via a Finnigan Combustion III interface (Thermo Fisher 
Scientific). The IRMS was operated at a vacuum of 2.1  10-6 mbar, an accelerating potential 
of 9 kV and an emission energy of 2 mA. For combustion of the target analyte, a NiO 
tube/CuO-NiO reactor (Thermo Fisher Scientific) was used at a temperature of 1030 °C. The 
gas chromatograph was equipped with a DB-1701 column (J&W Scientific, Santa Clara, CA) 
with a length of 30 m, an inner diameter of 0.25 mm and a film thickness of 1 µm. The 
instrument was operated with helium carrier gas (grade 5.0) at a flow rate of 1.4 mL/min. 
Splitless injection was performed into a splitless liner at 250 °C (Thermo Fischer Scientific, 
Australia). The GC temperature program started at 100 °C and was held for 1 min, followed 
by a temperature ramp of 25 °C/min to 240 °C, followed by another temperature ramp of 
10 °C/min until the final temperature of 280 °C was held for 5 min. In contrast, for on-column 
injection, the flow and injector temperature were controlled by an Optic 3 device (ATAS, GL 
Science, Eindhoven, Netherlands) equipped with a custom-made glass on-column liner. 
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Samples were injected using a PAL autosampler (CTC Analytics AG, Zwingen, Switzerland). 
The ATAS injector had an initial temperature of 50 °C, held for 300 s and was then ramped 
with 4 °C/s to 250 °C. The split flow started at 14 mL/min. After injection, the split flow was 
set to 0 mL/min for 120 s and finally set to its initial value of 14 mL/min. Simultaneously, the 
flow rate started at 0.3 mL/min (held for 120 s) and was increased to 1.4 mL/min within 120 s. 
Meanwhile, the initial temperature of the GC oven was set to 40 °C, held for 1 min, ramped 
by 25 °C/min to 240 °C, held for 0 min, ramped with 10 °C and held for 5 min. The injection 
volume ranged between 1 and 3 L for splitless injection and 1 and 4 L for on-column 
injection. To control the system and to verify the method, retention times and isotope values 
were constantly monitored by bracketing samples with in-house standards of desethylatrazine 
(DEA), acetochlor (ACETO) and MDPC. 
 
2.3.6. Correction Procedure of Isotope Values 
All reported isotope ratios are expressed as arithmetic means of three replicate measurements 
with their respective standard deviations (± σ). For LC-IRMS, calibration was performed using 
in-house standards and monitoring gas peaks allocated throughout the chromatograms. 
Trueness of the LC-IRMS system was achieved by correction with a bracketing method using 
a DPC standard (Table A2), whose signature had previously been determined by EA-IRMS.  
For correction of δ15N isotope values, two approaches were applied. In the first measurement 
campaign, as there was no MDPC standard within the required concentration range 
commercially available, a correction based on the comparison with DEA and ACETO was 
used to test for the trueness of isotope values after conversion to N2 in the combustion furnace. 
The EA-IRMS values (Table A2) of these standards were plotted against the measured GC-
IRMS values. The differences were used to correct values of the derivatized DPC analyte. 
DPC was measured by three laboratories (Table A3) to increase the accuracy and thus reduce 
measurement errors deriving from other analytical methods. In the second measurement 
campaign, authentic MDPC synthesized by LGC Standards GmbH was used so that the 
principle of identical treatment by Werner and Brand26 could be applied, and drifts during 
measurements as well as differences within the combustion efficiency were corrected directly. 
 
2.3.7. Peak Identification and Quantification with GC-qMS 
Gas chromatography – quadrupole mass spectrometry (GC-qMS) measurements were carried 
out to identify MDPC and any co-products generated during derivatization. The instrumental 
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set-up is described within the Supporting Information A.2.1. One microliter of a derivatized 
250 mg/L solution was injected and measured in scan mode. MDPC was identified using the 
presence of mass-to-charge ratios 159 and 145 as qualifier ions. Additionally, the retention 
time and spectra were confirmed by measuring the non-derivatized authentic standard of 
MDPC. 
 
2.3.8. Isotope Ratios of Commercially Available Chloridazon Products - Source 
Fingerprinting 
Carbon and nitrogen isotope ratios of CLZ standards from different suppliers (see Table A4) 
were analyzed to check whether CLZ standards deriving from different suppliers show 
different isotopic signatures as a result of industrial production. All samples were measured 
with the EA-IRMS method already described. 
 
2.3.9. Evolution of Isotope Ratios Deriving from Different Chloridazon Sources 
The developed method was applied to investigate whether it is possible to track DPC deriving 
from different CLZ sources in seepage water (collected from a lysimeter site, described in 
detail by Torrentó et al.103). Thereto, 30 μg/L CLZ (δ15N = -31.5 ± 1.0 ‰) were spiked into 
10 L seepage water that contained 10 µg/L DPC (δ15N = -15.1 ± 1.0 ‰) originating from 
another CLZ source from previous experiments. The samples were then stored at 13 °C in the 
dark over various periods of time (0 to 11 months). Subsequently, the concentration of CLZ, 
DPC and MDPC was measured with ultrahigh performance liquid chromatography (UHPLC) 
(see the Supporting Information A.2.2.). The nitrogen isotope values of DPC were determined 
with derivatization-GC-IRMS. To this end, samples were concentrated using the solid-phase 
extraction procedure by Torrentó et al.62 (see the Supporting Information A.2.3. and 
Figure A1). Prior to GC-IRMS analysis, preparative HPLC was required as an additional 
clean-up step. Method details are described in the Supporting Information A.2.4. and 
Figure A2.  
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2.4. Results and Discussion 
2.4.1. DPC-Carbon Isotope Analysis 
To determine the limit of precise isotope analysis of the LC-IRMS method, a DPC standard 
was injected at concentrations between 2.8 and 133 nmol C on column (Figure 2.1). A 
chromatogram is shown in Figure A4. The limit of precise isotope analysis was determined 
with the moving mean procedure described by Jochmann et al.104 using an uncertainty interval 
of ± 0.5 ‰. This limit obtained for carbon isotope analysis of DPC measured by LC-IRMS 
was 27.5 nmol C on column (996 ng DPC on column), which corresponds to an injection of 
50 µL of a 0.14 mM (20 mg/L) solution of DPC. This value is within the range of detection 
limits previously determined for other compounds analyzed by LC-IRMS32, 105. 
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Figure 2.1: a) Correlation of amount-dependency tests for carbon isotope values as well as the amplitude by LC-IRMS. 
Grey circles represent the average intensity for each amount on column, while black diamonds represent the average 
corresponding delta value of replicate measurements; The limit of precise isotope analysis was determined following 
the procedure described by Jochmann et al.104 and is shown by the grey rectangle. The grey horizontal line stands for 
the mean of all values with intensities above the gray rectangle, b) Reproducibility of carbon isotope values (blue 
diamonds) of DPC with LC-IRMS, the results are stated as the deviation of the measured value from the value 
determined by EA-IRMS (Δδ13C); the blue line shows the average carbon isotope values ± 0.5 ‰ (dashed lines), the 
black line represents the EA δ13C value of DPC ± 0.5 ‰ (dashed lines). 
 
The method showed good reproducibility of δ13C values, with a mean value of -14.6 ± 0.5 ‰ 
for 80 individual injections of 27.5 nmol C of DPC on column comprising different 
measurement sequences over a time of 3.5 months (Figure 2.1b). A mean absolute offset of 
+3.3 ‰ between the average value determined by LC-IRMS and the EA value was measured. 
Such a difference between LC-IRMS values and EA-IRMS values has been previously 
observed for amino acids105, 106, caffeine and ethanol107, pharmaceuticals108, and bentazone58. 
Several analyses in Flow Injection Analysis (FIA) mode (i.e. bypassing the LC column) 
resulted in the same offset between EA values and FIA-IRMS values (data not shown). This 
observation suggests incomplete wet oxidation of DPC rather than a chromatography-related 
issue as a reason for this offset. Attempts to optimize oxidation conditions neither led to a 
reduced offset, nor to a higher intensity of the DPC peak. As the δ13C values obtained by LC-
IRMS were reproducible, the resulting offset was constant and could be corrected accordingly. 
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2.4.2. Derivatization of DPC – Nitrogen Isotope Analysis 
As shown in Figure 2.2, DPC derivatization resulted in MDPC and its isomer 4-chloro-5-
(methylamino)-3(2H)-pyridazone as a major by-product, as well as a minor by-product 
deriving from the reaction of TMSD with itself. Both products were identified by GC-qMS. 
Additionally, MDPC was verified using and authentic standard. For method development and 
optimization purposes, the yield of derivatized DPC was tested by GC-qMS for two 
temperatures, 50 °C and 70 °C, maintaining the same TMSD-to-analyte-ratio (expressed as 
molar ratio (n(TMSD):n(analyte) ratio). Temperature dependence was minor, indicating 
robustness of the method. A slightly higher yield of the target analyte (derivatized DPC) was 
achieved at a temperature of 70 °C (Supporting Information A.3.2, Figure A5), thus, method 
validation at the GC-IRMS was continued using this temperature for derivatization. The ratio 
of the isomer to the target analyte remained at approximately 1/10, unaffected by the 
temperature. The recovery of derivatized DPC at 70°C was approximately 65 %, which was 
quantified using an authentic standard at different concentrations (R2 > 0.99, data not shown). 
 
 
Figure 2.2: Chromatogram of DPC derivatized with TMSD showing the derivatization products MDPC (red box) and 
the reaction by-product 4-chloro-5-(methylamino)-3(2H)-pyridazon (grey box). 2,6-dichlorobenzamide (BAM) was 
used as an internal standard. An authentic standard of MDPC was applied for peak identification. 
Figure 2.3a shows the measured δ15N isotope values of 250 mg/L DPC derivatized with 
increasing excess of the derivatization reagent TMSD. A plateau of the δ15N isotope value is 
reached at an excess of TMSD of greater than 150 n(TMSD):n(analyte) indicating optimum 
transformation of DPC to MDPC at this proportion. Following the approaches of Reinnicke et 
al.58 and Mogusu et al.33, further method validation was carried out with an excess of 
160 n(TMSD):n(analyte) as a conservative approach. The δ15N isotope values show a 
deviation from the EA-IRMS value (Δδ15N) of -1.6 ± 0.4 ‰ (black markers in Figure 2.3b) 
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that can be corrected for. Since the pure non-derivatized standard of MDPC shows a similar 
off-set (red markers in Figure 2.3b), we conclude that this deviation results from incomplete 
combustion of the target analyte rather than from isotopically sensitive branching due to 
formation of the major by-product during derivatization. 
 
 
Figure 2.3: δ15N values of DPC in a) dependence on the excess of TMSD used for the derivatization procedure, b) the 
reproducibility of δ15N values of derivatized DPC (black diamonds) and MDPC (red diamonds) measured with GC-
IRMS; and c) δ15N values of DPC and the amplitude (blue circles) in dependence on the amount of nitrogen of 
derivatized DPC injected onto the column to determine the limit of precision – the amount of derivatized DPC equals 
the initial amount of DPC used for derivatization; black diamonds show the δ15N isotope values using splitless 
injection, while the white diamonds show the precision gained with on-column injections; data was corrected for the 
off-set caused by combustion efficiency; the grey rectangle marks the limit of precise nitrogen isotope analysis. Results 
in panel (b) are stated as the deviation of the measured value from the value determined by EA-IRMS (Δδ15N); the 
red line shows the average δ15N isotope value and its tolerated standard deviation of ±1 ‰ (red dashed line); (the black 
line shows the target isotope value determined with the EA, while the dashed lines indicate the tolerated standard 
deviation of ±1 ‰. 
 
Figure 2.3c shows the nitrogen isotope values of DPC derivatized with an excess of TMSD 
greater than n(TMSD):n(analyte) = 150 (140 µL of a 2 M TMSD solution on 1 mL of a 5 mg/L 
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to 1000 mg/L analyte solution) injected with two different injection techniques. All values 
were corrected for the offset due to incomplete combustion. For comparison, the EA-IRMS 
reference value is shown as black line. The limit of precise nitrogen isotope analysis of DPC 
is, as expected, amplitude-dependent. For splitless injection, this limit is equal to 31 nmol N 
derivatized DPC injected, corresponding to an injection of 1.2 µg non-derivatized DPC. 
Additionally, on-column injection was tested as a more sensitive method. In accordance with 
the findings of Schreglmann et al. for sensitive isotope analysis of atrazine48, on-column 
injections of the derivatized DPC resulted in a decrease of the limit of precise isotope analysis 
by a factor of 10 as shown in Figure 2.3b. Thus, 2.06 nmol N of derivatized DPC on-column 
(100 ng DPC on-column) were sufficient for accurate results, which corresponds to an 
injection of 1 µL of a 0.69 mM DPC-solution. 
 
2.4.3. Isotope Ratios of Commercially Available Chloridazon Products - Source 
Fingerprinting 
δ13C and δ15N EA-IRMS measurements of commercially available CLZ products were used 
to investigate the possibility to distinguish between different sources. The results are shown 
as a dual-element isotope plot in Figure 2.4. There is a significant variability for both elements. 
δ15N isotope values ranging from -5.7 ‰ to -32.0 ‰ were measured (Table A4). As both, CLZ 
and DPC, contain the identical N-atoms, the metabolite can be related to the parent based on 
their nitrogen isotope compositions. This highlights the potential of δ15N values of DPC to 
serve as a fingerprint to retrace the parent compound CLZ. 
In contrast to nitrogen isotope values of CLZ, the detected variability of its δ13C values cannot 
directly be used to conclude on the carbon isotope signature of DPC because cleavage of the 
phenyl-ring may cause differences in the isotopic signature between parent compound and 
metabolite.  
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Figure 2.4: Dual-Isotope plot of Chloridazon standards derived from different suppliers. 
 
2.4.4. Evolution of Isotope Ratios of DPC from Different Chloridazon Sources 
The developed method was applied to DPC-containing environmental seepage water spiked 
with CLZ. Its original composition is listed in the Supporting Information (Table A5). The 
spiked seepage water was used to test whether a mixture of the nitrogen isotope value of DPC 
deriving from the spiked CLZ and the DPC already present in the water could be observed 
over a defined time period, simulating a typical field situation. 
Concentration measurements of CLZ, DPC and MDPC in the seepage water (Figure 2.5, upper 
panel and Table A6 in the Supporting Information) showed a significant decrease in CLZ 
concentration (white) after 7 months (t1) and concentrations below the limit of detection after 
11 months (t2). Simultaneously, the DPC concentration increased over time consisting of the 
initial DPC (shaded grey) and newly formed DPC from degraded CLZ (white). After 8 months, 
the concentration of DPC remained constant (data not shown). The formation of DPC from 
CLZ agrees with the findings of Buttiglieri et al.85 and Schuhmann et al.19 in environmental 
samples, where CLZ was degraded within the first 8 to 12 weeks after application on an 
agricultural field.  
The corresponding nitrogen isotope values are shown in the panel below (Figure 2.5). 
Concomitant with the disappearance of CLZ by reaction a shift in δ15N of DPC towards the 
isotopic composition of the added CLZ (-31.5 ±1.0 ‰) was observed. Formation of MDPC 
was small (the ratio of MDPC to DPC was always smaller than 10 %) so that its influence on 
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the DPC nitrogen isotope and its contribution to the mass balance in the samples can be 
neglected. Also, the interference of MDPC with derivatized DPC on the nitrogen isotope value 
remains within the uncertainty of the presented isotope analysis. In the case that this ratio is 
greater in environmental samples, fractionative HPLC can be used to separate the two analytes 
prior to derivatization-GC-IRMS (Supporting Information A.2.5). 
As the initial nitrogen isotopic composition as well as the concentrations of both DPC and 
CLZ are known, a two sources-mixing model, based on the weighted arithmetic mean of the 
isotope ratio, was applied to investigate whether DPC nitrogen isotope values accurately 
reflect the relative contribution of either source. To this end, it is assumed that all additional 
DPC is formed from CLZ and calculations were based on the EA-IRMS values of the CLZ 
that was applied. The differences between the measured points and the calculated isotope 
values (dashed lines) of Figure 2.5 (lower panel) were less than 1 ‰ and thus within the 
measurement uncertainty of the instrument. This indicates that nitrogen isotope values of DPC 
did indeed reflect the relative contribution of the DPC from different origin and, therefore, the 
approach holds promise for future source elucidation of the CLZ metabolite in field samples.  
We note that the mass balance does not close for DPC formation from CLZ (Figure 2.5). 
Possible explanations are either (a) that part of the CLZ was degraded without forming DPC 
(potentially producing biomass) or (b) that DPC was degraded via a so far unknown 
transformation pathway that did not entail nitrogen isotope fractionation. Evidence against the 
second hypothesis, however, is given by our observation that after complete CLZ degradation 
the concentration of DPC remained constant (data not shown). While further investigations 
into this matter are beyond the scope of this feasibility test, the possibility to add also carbon 
isotope analysis to the picture – as newly established in this contribution –  clearly provides 
an added value to probe not only for formation of metabolites from different sources, but also 
for their further degradation. 
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Figure 2.5: Degradation of CLZ to DPC over time and the resulting change of the δ15N value of DPC due to two 
different sources of CLZ. Measured δ15N values are shown as circles, while the dashed lines are the corresponding 
calculated δ15N value based on the mixing of the two CLZ sources originating from the initial δ15N of DPC t0 and the 
spiked CLZ (initial δ15N shown as black dashed line). It is assumed that the CLZ is degraded completely to DPC. 
Samples were taken directly after spiking with CLZ (t0) and after storage for 7 months (t1) and 11 months (t2). 
 
2.5. Conclusion and Outlook. 
With LC-IRMS and GC-IRMS, this study brings forward two complementary approaches to 
accomplish reproducible, precise and true carbon and nitrogen compound-specific stable 
isotope analysis of DPC in the µg/L –concentration range (996 ng and 100 ng DPC on column 
for carbon and nitrogen isotope analysis, respectively). Taking reported DPC concentration of 
0.72 µg/L to 7.4 µg/L in surface and ground water into account 85, the combination of the 
presented methods with large-volume extraction as presented by Torrentó et al.62 enables the 
isotopic analysis of DPC in environmental water samples. Thus, the application of the 
developed methods brings forward a basis for analysis of environmental water samples from 
field surveys, and the combination of the developed methods gives access to dual-element 
isotope plots. Our study highlights the potential of such plots to distinguish different sources. 
Future DPC degradation studies may use such dual element isotope information to obtain 
additional information about transformation pathways of DPC and underlying mechanisms39. 
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Until now, only transformation to MDPC is known, which was, however, observed to occur 
on longer time scales than in our experiment19. Additionally, as shown in the degradation 
experiment of chloridazon, these methods can be used to distinguish the source of DPC by 
measuring the nitrogen isotope signature and to identify the mixing of DPC deriving from 
different CLZ sources. 
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3.1. Abstract 
Desphenylchloridazon (DPC), the main 
metabolite of the herbicide chloridazon 
(CLZ), is more water soluble and 
persistent than CLZ and frequently 
detected in water bodies. When assessing 
DPC transformation in the environment, 
results can be non-conclusive if based on 
concentration analysis alone, because estimates may be confounded by simultaneous DPC 
formation from CLZ. This study investigated the fate of DPC by combining concentration-
based methods with compound-specific C and N stable isotope analysis (CSIA). Additionally, 
DPC formation and transformation processes were experimentally deconvolved in a dedicated 
lysimeter study considering three scenarios. First, surface application of DPC enabled 
studying its degradation in the absence of CLZ. Here, CSIA provided evidence of two distinct 
DPC transformation processes: one shows significant changes only in 13C/12C, whereas the 
other involves changes in both 13C/12C and 15N/14N isotope ratios. Second, surface application 
of CLZ mimicked a realistic field scenario showing that during DPC formation, 13C/12C ratios 
of DPC were depleted in 13C relative to CLZ, while 15N/14N ratios remained constant. Finally, 
CLZ depth injection simulated preferential flow and demonstrated the importance of the 
topsoil for retaining DPC. The combination of the lysimeter study with CSIA enabled insights 
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3.2. Introduction 
Groundwater is one of the most important drinking water resources1 and, therefore, constantly 
screened for contaminants5, 84, 97, 109. Due to their extensive application in agriculture, 
pesticides and their metabolites78 are commonly detected in ground and surface water. A 
prominent example is desphenylchloridazon (DPC), the main metabolite of the herbicide 
chloridazon (CLZ). CLZ is a selective systemic herbicide that is used to control broad-leaved 
weeds in the agricultural production of Swiss chard, red beet and sugar beet4, 78, 85, 87, 110, 111. 
The metabolite DPC is a compound of concern as it is continuously formed from CLZ. The 
continuous input of newly formed DPC makes it challenging to evaluate its environmental 
transformation from concentration data over time. Detection of DPC has increasingly been 
reported exceeding concentrations of 10 µg/L in natural water bodies4, 78-81. DPC can be 
transported into ground and surface water by precipitation events as it is water-soluble 
(490 mg/L), and has a lower tendency to bind to the soil (Freundlich constant Kfoc of 50 mL/g) 
than CLZ (Kfoc of 199 mL/g). Additionally, DPC has a high leaching potential, which is 
indicated by the groundwater ubiquity score (GUS) of 5.5, a parameter used to evaluate 
pesticides for their potential to seep into the groundwater 111-113. Thus, there is great interest in 
the question whether DPC can be subject to further transformation. The fate of DPC, however, 
is not well understood yet 82-84. It is known that DPC is a persistent and polar compound. In 
soil, it can be further transformed into methyldesphenylchloridazon (MDPC, Figure C1)79, 85, 
86, 88. Whether there is a wider range of degradation pathways, remains unclear. 
Current attempts to quantify degradation of organic micropollutants are often based on 
metabolite-to-parent-compound ratios. This is an analytical approach based on concentration 
measurements. It is advantageous to quantify degradation even at low concentration ranges, 
and is simple to use114. However, in case of DPC, which may be simultaneously formed while 
undergoing further transformation (Figure C1), metabolite-to-parent ratios can lead to 
erroneous interpretations23. An additional confounding factor is a different drainage-
dependent re-mobilization of the parent compound and the metabolite due to differences in 
their mobility. Thus, concentrations may fluctuate in a non-trivial manner making it difficult, 
if not impossible, to inform about how much of the DPC has been transformed. Consequently, 
a complementary method is needed to detect transformation if metabolite analysis alone is not 
conclusive. 
Compound-specific stable isotope analysis (CSIA) allows to identify degradation processes 
by analyzing variations of natural stable isotope abundances of different isotopic elements 
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during (bio)degradation and transformation of organic contaminants29, 115-117. While CSIA of 
polar micropollutants has rarely been performed at field scales29, analytical methods for the 
analysis of carbon (13C/12C) and nitrogen (15N/14N) isotope ratios of DPC have recently 
become available118. So far, isotope studies of DPC have been carried out neither in laboratory 
experiments nor in field applications, however. As illustrated in Figure C1, unique insight on 
the formation and subsequent transformation of DPC can be expected. On the one hand, 
13C/12C and 15N/14N ratios of DPC are expected to show the isotopic signature of the 
pyridazinone ring in the precursor CLZ. When CLZ is transformed, its phenyl-ring is first 
oxidized and then cleaved off. Thus, any isotope effect-induced changes in 13C/12C and 15N/14N 
ratios will be manifested in the molecular average of CLZ and in the oxidized phenyl-part that 
is cleaved off. In contrast, none of the molecular positions of the pyridazinone-ring are 
involved in the reaction, meaning that only secondary kinetic isotope effects occur so that the 
isotope ratios within the pyridazinone-ring remain mainly unaffected when they end up in 
DPC (Figure C1). If, however, further transformation of DPC takes place, this process is 
expected to result in pronounced changes in isotope ratios in DPC, because now, carbon and 
nitrogen atoms are directly involved (primary isotope effect). This would lead to carbon and 
nitrogen isotope fractionation in DPC giving a strong indication of further DPC 
transformation24. CSIA of DPC, therefore, holds promise to identify both processes, formation 
of DPC from CLZ, as well as independent further transformation of DPC. According to the 
current mechanistic picture, DPC is only formed from CLZ and transformed through N-
methylation86, 88, 119. Thus, the combined analysis of carbon and nitrogen isotope ratios of DPC 
may offer new insights into its fate in soil leachate. 
Evidence from CSIA may be inconclusive, however, if physical processes (e.g., multiple 
sorption-desorption steps, dissolution from non-aqueous phase, volatilization/diffusion, 
dispersion) or the heterogeneity of the system, the soil in this case, affect degradation-induced 
changes in isotope ratios. For example, a freshly dissolved compound, which has not been 
transformed yet, can mix with water containing the contaminant that has already undergone 
varying degrees of degradation and thus isotope fractionation120-122. Consequently, the 
transformation-induced isotope ratios in the degraded fraction might not be discernible any 
longer123, 124. When applying CSIA to a field site either for the interpretation of a compound’s 
environmental fate or to monitor the success of remediation processes, it is therefore suggested 
to combine it with complementary approaches in order to obtain as many lines of evidence as 
possible120, 125, 126. 
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Thus, the aim of this study was to explore different complementary and innovative approaches 
for assessing the environmental long-term fate of DPC in drainage water after agricultural 
application over a period of 3 years. To that end, we combined concentration measurements 
with the analysis of carbon and nitrogen isotope ratios in a comprehensive and systematic 
study in a well-characterized model lysimeter system. This lysimeter system mimics pesticides 
fate in natural soil environment under high control over environmental and hydrological 
factors (i.e. soil type and humidity, precipitation levels, temperature, evapotranspiration, etc.). 
In order to separate the relevant transport and transformation processes, these complementary 
approaches were integrated into a dedicated experimental design where CLZ and DPC were 
applied in three different scenarios (Figure C2): (i) DPC was applied to the lysimeter directly, 
without the presence of CLZ, to investigate whether further DPC transformation is observable 
in drainage water and whether this transformation is detectable from analyzing carbon and 
nitrogen isotope signatures of DPC when interfering simultaneous formation of DPC can be 
excluded. (ii) The concurrent formation of DPC from CLZ and potential DPC transformation 
were evaluated through surface application of CLZ to the lysimeters. (iii) To simulate the 
preferential flow and to study whether DPC formation and transformation is also occurring 
below the top soil, CLZ was injected below the root zone. For each scenario, these 
complementary approaches were tested with two different soil types through a replication of 
the lysimeter studies with moraine and gravel soil, respectively.  
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3.3. Experimental / Methods 
3.3.1. Experimental Set-up of Lysimeter Experiments 
For this study, the lysimeter facility from Agroscope was used, located in Zurich-Reckenholz, 
Switzerland. The facility itself and the characteristics of the lysimeters are described in detail 
by Torrentó et al.103. Briefly, the site consisted of 12 gravitation lysimeters (L) (3.14 m2 
surface area, 2.5 m depth, approximately 14 000 kg of soil in each) filled with two soil types 
(gravel/moraine). Both soil types consisted of repacked Cambisol. Cambisols, widely and 
intensively used as agricultural land, are among the most extensive soil types on earth, 
extending over about 11 % of the global land surface127. The soils used in this study differed 
in the B horizon and the draining properties of the parent material, and thus they were expected 
to show a different extent of preferential flow103. Gravel soil was represented by well-drained 
sandy loamy Cambisol (L1-L6), while moraine soil consisted of a poorly drained loamy 
Cambisol (L7-L12) (Table C1). Six of these lysimeters were used for this study (three of each 
soil type). The lysimeters were planted in 2014 with corn (Zea mays L.) followed by sugar 
beet (Beta vulgaris ssp. vulgaris var. altissima Doel) in 2015, with corn (Zea mays L.) again 
in 2016 and finally with broccoli, Chinese cabbage, lettuce and leek in 2017. 3.0 kg/ha 
(0.96 g/lysimeter) of CLZ were applied on the surface of two lysimeters (L4 and L8) 
simulating the scenario of pesticide application at the three- to four-leaf stage in the field85. 
To simulate preferential transport through topsoil, two additional lysimeters were used (L6 
and L7), where 2.0 g of CLZ were injected in each lysimeter at a depth of 40 cm at eleven 
injection points uniformly distributed over the area of each lysimeter by using a metal rod 
connected to a gear pump through a Teflon tube. Additionally, 3.2 kg/ha (1.0 g/lysimeter) 
DPC was applied on the surface of two lysimeters (L1 and L12). In addition to CLZ or DPC, 
the following tracers were applied at the same time as the pesticides: uranine (1.3 kg/ha) and 
NaBr (500 kg/ha) to lysimeters L1 and L12, uranine (1.3 kg/ha) to lysimeters L4 and L8, and 
uranine (0.4 g injected in each lysimeter) to lysimeters L6 and L7. Bromide was used as 
conservative tracer and uranine (Kfoc of 120 mL/g) as a marker for preferential leaching shortly 
after pesticide application103. A detailed set-up is shown in the Supporting Information 
(sections C.2.2 and C.2.3). Details about application methods can be found in Torrentó et al.103. 
All lysimeters were irrigated artificially and the seepage water was collected for analysis over 
a time period of 3 years (Table C2). 
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3.3.2. Concentration Measurements of CLZ, DPC and MDPC 
For concentration measurements of CLZ, DPC and MDPC, an Ultimate® 3000 RS high-
pressure liquid chromatography (HPLC) (Dionex, Thermo Fisher Scientific, Waltham, MA, 
USA) coupled to a 4000-hybrid triple quadrupole-linear ion trap mass spectrometer 
(QTRAP®, ABSciex, Framingham, MA, USA) was used. Five microliters were injected on 
an Acquity UPLC BEH Shield RP18 column (100 × 2.1 mm, 1.7 μm, Waters, Milford, MA, 
USA) maintained at 25 °C. The separation was performed at a flow rate of 0.4 mL/min using 
a binary mobile phase system consisting of 0.05% formic acid in water (mobile phase A) and 
0.05 % formic acid in acetonitrile (mobile phase B) according to the following gradient 
program: 5-15 % phase B in 2 min, 15-100 % phase B in 4 min, holding at 100 % phase B for 
2 min, and re‐equilibration at 2 % phase B for 6 min. Detection was performed in electrospray 
positive ionization (ESI+) using the multiple reaction monitoring (MRM) mode by monitoring 
both a quantifier (Q) and a qualifier (q) transition ion for each compound. Precursor and 
fragment ions (m/z) were 222.1 and 104.0 (Q) or 77.0 (q) for CLZ, 146.0 and 117.0 (Q) or 
66.0 (q) for DPC, 160.0 and 117.0 (Q) or 88.0 (q) for MDPC, and 227.0 and 108.0 (Q) or 81.0 
(q) for CLZ-d5, respectively (Table S3). Quantification was performed using standard curves 
calculated from standard solutions of CLZ, DPC and MDPC at 0.25, 0.5, 1, 3, 5 and 10 ng/mL, 
each containing deuterated CLZ-d5 as internal standard at a constant concentration of 2 ng/mL. 
The limits of quantification were 0.05 µg/L for CLZ, 0.4 µg/L for DPC and 0.1 µg/L for M-
DPC. For those drainage water samples with CLZ, DPC and MDPC concentrations lower than 
0.2 µg/L, solid-phase extraction (SPE) of 20-mL samples was performed using 6 mL 
cartridges packed with 0.2 g of Bakerbond SDB-1 sorbent and 0.2 g of Sepra ZT sorbent, as 
described by Torrentó et al.62. After SPE, the extracts were analyzed by UHPLC-QTOF-MS. 
The method is briefly described in the Supporting Information (C.2.5.). 
 
3.3.3. Large Volume Solid-Phase Extraction 
For isotope analysis, all lysimeter samples were filtered through 0.7 µm glass fiber filters and 
were concentrated by SPE using the method described in Torrentó et al.62, as detailed in the 
Supporting Information (C.2.6.). 
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3.3.4. Elemental Analyzer-Isotope Ratio Mass Spectrometry Measurement for 
Determination of Reference Values 
Carbon and nitrogen isotope reference values of our in-house standards of CLZ, DPC and 
MDPC were determined by elemental analysis – isotope ratio mass spectrometry (EA-IRMS) 
according to the method of Meyer et al.76. The system consisted of an EuroEA (Euro Vector, 
Milano, Italy) coupled with a Finnigan MAT 253 IRMS via a FinniganTM ConFlow III 
interface (Thermo Fisher Scientific, Bremen, Germany). For calibration, USG 40, USG 41 (L-
glutamic acid) and IAEA 600 (caffeine), supplied by the International Atomic Agency 
(IAEA), were used as organic reference materials. 
Carbon (δ13C) and nitrogen (δ15N) isotope values are usually expressed using the Delta 
notation in per mille as described in equation 3.1 and 3.2. There, the isotope ratios 
(13C/12Csample and 15N/14Nsample) are stated relative to the international references PeeDee 
Belemnite (V-PDB) for carbon and air for nitrogen. 
 
δ C13 = C






δ N15 = N





3.3.5. Carbon Isotope Analysis of DPC by LC- IRMS 
For carbon isotope analysis of DPC we applied the method of Melsbach et al.118. Briefly, 10 
to 100 µL of SPE extracts reconstituted in ultrapure water were injected into an LC-IRMS 
Dionex system consisting of an Ultimate 3000 HPLC pump and an Ultimate 3000 autosampler 
(Thermo Fisher Scientific) coupled via an LC-Isolink interface with a Delta V Advantage 
IRMS (Thermo Fisher Scientific). Chromatography was accomplished using a Sentry guard 
column (3 µm, 20 mm) and an Atlantis T3 column (3 µm, 100 mm, Waters) at a flow rate of 
500 µL/min. Phosphoric acid at pH 2 was chosen as mobile phase. The method was run 
isocratically at room temperature. The analytes were converted by wet oxidation at a 
temperature of 99.9 °C after the separation unit. Thereto, 90 g/L Na2S2O8 and phosphoric acid 
(1.5 M H3PO4) were introduced at a flow rate of 30 µL/min. The vacuum inside the IRMS was 
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2×10-6 mbar. Its ion source was set to an accelerating voltage of 3 kV and an electron 
ionization energy of 124 eV. The isotope ratios were calibrated using our laboratory 
monitoring gas (CO2), which had previously been calibrated against the international standard 
RM8563 (CO2), supplied by the IAEA. 
 
3.3.6. Derivatization of DPC for Nitrogen Isotope Analysis 
Nitrogen isotope analysis was conducted using the derivatization procedure proposed by 
Melsbach et al.118. Briefly, DPC was methylated to MDPC by adding an excess of greater than 
160 nanalyte/nTMSD (140 μL of a 2 M TMSD solution) into a vial containing a standard or a SPE 
extract reconstituted in 1 mL methanol. The vial was crimped tightly before putting it into a 
70°C water bath for 2 h. For samples from lysimeters with CLZ depth injection, the volume 
of the 2 M TMSD solution added to the reconstituted SPE extracts was increased to 200 μL to 
ensure complete derivatization, as concentrations of DPC were up to an order of a magnitude 
higher compared to the other lysimeter samples. Afterwards, the solvent was evaporated to 
dryness. The sample was then reconstituted in 50 µL acetone. 
 
3.3.7. Separation of Drainage Sample Fractions for Analysis of DPC and MDPC 
For drainage water samples from the lysimeters where CLZ was applied on the surface and 
for which the ratio of DPC to naturally formed MDPC was greater than 10 %, preparative 
HPLC was used prior to derivatization to isolate this naturally formed MDPC and thus to avoid 
interferences in the isotopic signature of DPC when subjected to methylation in the 
derivatization procedure. The method is briefly summarized in the Supporting Information 
(C.2.7.)118. Additionally, both DPC and MDPC fractions were used for δ15N isotope analysis 
when possible. For samples with an MDPC to DPC ratio <10 %, no preparative HPLC method 
was applied prior to derivatization, as the influence of the isotope ratio of MDPC on the isotope 
ratio of derivatized DPC is negligible and lies within the measurement error for nitrogen CSIA 
(±1 ‰) of the developed 15N GC-IRMS method118. 
 
3.3.8. Nitrogen Isotope Analysis of DPC and MDPC 
The method is described by Melsbach et al.118 Briefly, a TRACE GC Ultra gas chromatograph 
(Thermo Fisher Scientific, Milan, Italy) coupled with a Finnigan MAT 253 IRMS (Thermo 
3. Dual-Element Isotope Analysis of DPC to Investigate its Environmental Fate  
42 
Fisher Scentific, Bremen, Germany) was used. A Finnigan Combustion III interface (Thermo 
Fisher Scientific) connected both instruments. The analytes were combusted at a temperature 
of 1030 °C with a NiO tube/CuO-NiO reactor (Thermo Fisher Scientific). The gas 
chromatograph contained a DB-1701 column (30 m × 0.25 mm × 1 µm, J&W Scientific, 
Santa Clara, CA). Helium (grade 5.0) at a flow rate of 1.4 mL/min was used as carrier gas. 
Injection was carried out with a GC Pal autosampler (CTC, Zwingen, Switzerland). A sample 
volume ranging between 1 and 3 µL was injected into a splitless liner (Thermo Fischer 
Scientific, Australia) at a temperature of 250 °C. The GC oven was programmed to start at a 
temperature of 100 °C (held for 1 min), ramped with 25 °C/min to 240 °C, and with 10 °C/min 
to 280 °C (held for 5 min). The isotope ratios were calibrated using our laboratory monitoring 
gas (N2), which had previously been calibrated against the international standard NSVEC (N2), 
supplied by the IAEA. 
 
3.3.9. Correction Procedure for Isotope Analysis 
Analogous to the correction procedure described by Melsbach et al.118, all samples and 
standards were measured in triplicate and their isotope ratios are reported as the arithmetic 
means with their respective estimated standard deviations (± σ). In addition to the calibration 
of the measurement gas, samples are bracketed within the sequences by in-house standards of 
DPC and MDPC, whose isotopic signature had been determined with EA-IRMS (Table C4). 
Here, the principle of identical treatment by Werner and Brand26 was applied to correct for 
trueness by identifying drifts and off-sets, caused by different combustion efficiency. 15N 
correction was performed using MDPC synthesized by LGC Standards GmbH, while an 
authentic DPC standard was used for 13C correction of the LC-IRMS method. 
 
3.3.10. Concentration Measurement of CLZ and DPC from Soil Samples 
CLZ and DPC residues were measured within the first soil layers (0 to 10 cm) approximately 
one year after herbicide/metabolite application. To obtain a representative and homogenous 
sample, subsamples for soil analysis were collected in quadruplets and combined afterwards. 
The total amount was at least 100 g soil per sample. Sample extraction and analysis were 
carried out by Eurofins Sofia GmbH using LC-MS/MS. 
 
3. Dual-Element Isotope Analysis of DPC to Investigate its Environmental Fate  
43 
3.3.11. Statistical Analyses.  
Pearson correlation analysis and one-way analyses of variance (ANOVA) tests were 
performed to identify patterns and to measure the statistical significance of the relationship 
between variables. ANOVA tests were performed to assess the differences between soil types 
and pesticide application methods regarding total accumulated drainage, total DPC mass 
leached, maximum change of carbon and nitrogen isotope signatures 900 days after pesticide 
application/injection. Separate Pearson linear correlations were performed to evaluate the 
relationship between irrigation and drainage, between soil humidity and drainage, between 
drainage and DPC mass leached, and between evapotranspiration and DPC mass leached. All 
tests were performed using the statistical package Minitab 13.31 (Minitab Inc., State College, 
PA). All statistical differences were set to the α = 0.05 significance level (p ≤ 0.05). 
 
3.4. Results and Discussion  
3.4.1. Water Dynamics 
Total accumulated drainage 900 days after CLZ or DPC application/injection was between 
488 to 656 mm for gravel soil and between 337 and 502 mm for moraine soil. In relation to 
the water input, drainage represented 25-39 % and 18-27 % of the total irrigation, respectively. 
Increased drainage coincided with periods of high irrigation intensity and high soil water 
content. A significant positive correlation (Pearson’s correlation coefficient – r – from 0.30 to 
0.49, p < 0.0001) between intensity of daily irrigation and daily drainage was observed for the 
six lysimeters. As detailed by Torrentó et al.103, who used the same lysimeters to assess the 
fate of the herbicide atrazine and its metabolites, soil humidity data revealed that large 
irrigation events resulted in a greater contribution of preferential flow to drainage, and that 
this effect was more significant for the moraine than for the gravel soil. A statistically 
significant (p < 0.05) correlation was observed between soil humidity and drainage for both 
gravel and moraine soil at all depths where capacitance sensors were installed (at 16, 36, 56, 
76, and 96 cm for moraine soil and at 11, 51, and 71 cm for gravel soil)103. This correlation 
was stronger for moraine (r between 0.15 and 0.22, except for one depth with r = 0.08) than 
for gravel soil (r between 0.06 and 0.16), and is in accordance with the fact that fluctuations 
in the soil water content were smaller for the latter, especially at greater depths103. The total 
accumulated drainage after 900 days was influenced by the application method (higher 
drainage for depth injection, p = 0.331) and by the soil type (higher for gravel soil, p = 0.426). 
3. Dual-Element Isotope Analysis of DPC to Investigate its Environmental Fate  
44 
Large amounts of drainage from the gravel soil are probably a consequence of the higher water 
permeability and low water content at field capacity of this soil103. 
The average monthly and annual irrigation, drainage, and evapotranspiration values for the 
lysimeters used in this study are shown in Table S5. Annual evapotranspiration, estimated by 
the water balance computation as explained by Torrentó et al.103, was for the four years of 
study (2014 to 2017) higher for moraine (315 to 633 mm) than for gravel soil (266 to 585 mm), 
although the effect was not statistically significant (p = 0.718). A significant effect (p = 0.002) 
on annual evapotranspiration was however observed for crop type: evapotranspiration was 
higher for sugar beet and corn than for broccoli, Chinese cabbage, lettuce and leek. The effects 
of soil type and pesticide application method on evapotranspiration 900 days after pesticide 
application were not statistically significant (p = 0.093 and p = 0.579, respectively). The 
influence of the cover vegetation on drainage and pesticides fate was not assessed, since no 
significant differences in the plants development were observed between lysimeters. For 
details, see Supporting Information Section C.3.2. 
 
3.4.2. Trends in Compound Concentrations after DPC Surface Application 
Neither CLZ, nor DPC had ever been applied to any of the lysimeters prior that study so that 
trends for CLZ and DPC concentrations could be uniquely attributed to our experimental 
design. Through application of the metabolite DPC to the surface of the lysimeters, it was 
possible to investigate the fate of DPC separately, in the absence of CLZ and without 
interference of constantly formed DPC. The breakthrough of DPC in the seepage water 
differed between the soil types (Figure 3.1b). In the lysimeter with moraine soil (L12), 
concentrations changed more rapidly in relation with drainage events than for gravel soil (L1). 
For gravel soil (L1), DPC was detected in the drainage water for the first time after 137 days, 
while it broke through only 15 days after application in moraine soil (L12). In these lysimeters, 
a positive correlation was observed between drainage and DPC mass leached, being more 
significant for gravel (r = 0.36, p = 0.029) than for moraine soil (r = 0.31, p = 0.113). The 
observed dependency of the drainage response, and the analytes’ concentration therein, on the 
irrigation agrees with Torrentó et al.103 for the fate of the herbicide atrazine and its metabolites 
in these lysimeters. Table C6 summarizes the observed breakthrough parameters for each 
lysimeter. Two main DPC concentration peaks were detected in the drainage water of these 
two lysimeters after approximately 550 and 850 days (Figure 3.1e). They coincided with two 
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intense irrigation events (November 2016 and September 2017, Table C2). In moraine soil 
(L12, 303 and 441 mm), less accumulated drainage had occurred at peak concentration of DPC 
than in the gravel soil (L1, 458 and 852 mm). Concentrations in the gravel soil were 
approximately one order of magnitude higher than in moraine soil. In contrast to our previous 
study103, no rapid breakthrough peak was observed shortly after application, neither for DPC 
nor for uranine (Figure C4). Bromide mass recovery curves (Figure C5) showed an 
asymmetric sigmoidal shape, which is characteristic for transport through a porous matrix with 
some retardation. Smoother trends for DPC compared to the tracers indicate retardation by 
sorption and/or attenuation by degradation. DPC leaching was therefore mainly driven by 
porous matrix flow, although intense irrigation events resulted in a greater contribution of 
preferential flow. This was observed mainly in moraine soil. For example, after 425 and 
670 days, sharp increases in DPC concentrations were measured (Figure C4). This might be a 
consequence of transport by preferential flow induced by intense irrigation events (July 2016 
and March 2018, respectively, Table C2). 
The transformation product of DPC, MDPC, was first detected after 256 days and 425 days 
for gravel and moraine soil, respectively. At the end of the monitoring period (950 days after 
DPC application), 6.0 % of the DPC mass was recovered in the drainage water of the gravel 
soil and only 0.3 % in the moraine soil (details about the calculation of analyte recovery can 
be found in the Supporting Information Section C.2.9). MDPC accounted for 0.55 % and 
0.06 % of the applied DPC, respectively. One year after application, a DPC residue of 
approximately 3 % and 7 % of the applied DPC was quantified within the first soil layers 
(0 to 10 cm) of gravel and moraine soil, respectively (Table C7). Thus, an incomplete mass 
balance was observed. Here, possible explanations might be: (i) sorption of DPC to lower soil 
layers within the root zone, where further sampling was not possible without disturbing the 
lysimeter, (ii) the uptake and metabolism of DPC by plants 19,128, and (iii) the presence of 
DPC-fulvic acid complexes, as their functional groups can bind DPC. This has been 
demonstrated by Gatzweiler129, who conducted lysimeter experiments with 14C-labelled CLZ. 
Using thin-layer chromatography and analyzing the radioactivity, Gatzweiler129 detected DPC 
in fulvic acid fractions verifying the existence of these DPC-fulvic acid complexes. 
Nevertheless, the MDPC/DPC concentration ratio suggests that further DPC degradation to 
MDPC occurred in both soils, mainly after 425 days. (As both DPC and MDPC have a similar 
GUS leaching potential and show only minor differences in their mobility, no major 
retardation effect on the transport of either compound is expected so that the use of metabolite-
to-parent compound ratios appears justified in this case)111. This further degradation agrees 
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with the findings of Schuhmann et al.19 and the environmental degradation pathway predicted 
by Roberts et al.88. This demonstrates that transformation of DPC is occurring only slowly. 
For the moraine soil, a local maximum for the MDPC/DPC concentration ratio was reached 
after 750 days (Figure 3.1, L12e). To obtain additional insight into DPC transformation, we, 
therefore, evaluated the results from CSIA of the lysimeter experiment. 
 
3.4.3. Insights into DPC Transformation by Isotope Analysis of DPC Surface Application 
Initially, the δ13C and δ15N values of the leached DPC were close to the original isotope 
signature of the applied DPC (Figures 3.1, L1d and L12d). Over the course of the observation 
period carbon isotope signatures of DPC showed significant enrichment in 13C (Δδ13CDPC) of 
approximately +4 ‰ in both soil types. The heavy irrigation event 672 days after DPC surface 
application (March 2017, Table C2) caused a new small DPC breakthrough peak, in which 
DPC isotope values returned to the original isotopic composition, most likely because new 
DPC was mobilized, which had not yet been subject to transformation. This effect was more 
significant in moraine soil, where a greater contribution of preferential flow in response to this 
heavy irrigation event was observed, resulting in a recovery of up to 20 % of the total mass of 
DPC leached in the drainage water after the monitoring period. Additionally, significant 
changes of nitrogen isotope signatures (Δδ15NDPC) of +2 ‰ to +3 ‰ were observed – however, 
mainly in the gravel soil (L1). Furthermore, these shifts were observed at a later time point 
than the enrichment in 13C, approximately 450 days after application. The fact that during the 
first 450 days DPC was only becoming enriched in 13C, and then in both 13C and 15N, suggests 
that DPC was transformed by two distinct processes and that only the latter one starting after 
450 days involved a reaction of a nitrogen atom. The transition between the two trends 
coincides with an increase in the MDPC/DPC concentration ratio (Figure 3.1, L1e). As there 
had never been any application of CLZ or DPC to these lysimeters, the carbon and nitrogen 
isotope values of DPC can be uniquely attributed to the substance applied in this study, and 
changes in these isotope signatures are attributable to its further degradation. Interestingly, 
due to the high concentrations of MDPC in the drainage water, it was possible to measure the 
δ15N of formed MDPC after purification by preparative HPLC (Tables C9 and C10). In both 
lysimeters, the δ15N of MDPC was significantly more negative (approximately by 4‰) 
compared to the δ15N value of the DPC at that time (Figure 1d). Since DPC contains three 
nitrogen atoms out of which only one is methylated, it can be estimated that the methylation 
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of DPC causes a nitrogen isotope effect of approximately 3 × 4 ‰ = +12 ‰ at the reactive 
atom. Our data for the DPC surface application show an enrichment in 13C and, to a lesser 
extent, in 15N for DPC in both soils, which was significantly masked in the moraine soil due 
to the leaching of fresh DPC after heavy irrigation events. Transformation extent can thus be 
underestimated. Here, transformation of DPC may be easier to detect using the metabolite-to-
parent concentration ratio, at least for the pathway involving MDPC formation. On the other 
hand, using the metabolite-to-parent concentration ratio only to investigate the transformation 
of DPC, the evidence of an additional transformation mechanism would have remained 
undetected. Additionally, CSIA appears to be more robust as the integrated isotope signal, 
which indicates degradation remains measurable, even if the metabolite might be subject to 
sorption or further transformation. 
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Figure 3.1. Lysimeters with DPC application on surface (a single application in May 2015): L1 in gravel soil (left 
panels) and L12 in moraine soil (right panels). a) Daily irrigation (black bars) and cumulative drainage (grey line); 
b)-c) Concentration of DPC (blue diamonds) and MDPC (black triangles), note that different scales are used for both 
soil types; d) Carbon (black diamonds) and nitrogen (red diamonds) isotope ratios of DPC and nitrogen isotope values 
of MDPC (red triangles), error bars show the associated uncertainties (±0.5 ‰ for carbon, ±1.0 ‰ for nitrogen isotope 
analysis; or when exceeding this uncertainty, standard deviations of triplicate measurements are given , EA isotope 
values of the applied DPC are shown as lines, whereas associated uncertainties (±0.5 ‰ for carbon, ±1.0 ‰ for nitrogen 
isotope analysis) are shown as dashed lines in the corresponding color, respectively; e) metabolite-to-parent compound 
molar ratio of MDPC/DPC (black diamonds); f) season corresponding to the time since application – spring (green 
horizontal lines), summer (red vertical lines), autumn (yellow dots), winter (blue diagonal lines); the grey dashed lines 
repeated in each sub-figure represent the start of a new year. 
 
3.4.4. CLZ Surface Application Mimicking A Realistic Field Scenario 
For the surface application of CLZ (Figure 3.2, L4 and L8), the metabolites DPC and MDPC 
were detected in the seepage water 425 days after CLZ application, coinciding with a heavy 
irrigation event (July 2016, Table C2), while the applied parent compound remained below or 
close to the limit of detection of 0.05 µg/L during the time of monitoring (970 days). Analytes 
breakthrough curves and concentrations differed between the soil types. For uranine, a rapid 
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breakthrough shortly after application was detected in moraine soil (Figure C4). During the 
monitoring period, the maximum uranine concentration was measured within the first day, 
after only 4 mm of accumulated drainage (Table C6), suggesting that it was mainly transported 
through preferential flow, bypassing large fractions of the soil matrix. Furthermore, a 
pronounced uranine peak tailing was observed, which is typical for preferential flow (Figure 
C4). Furthermore, the DPC mass recovery curves were significantly different for the two soils 
(Figure C5), giving further evidence of a greater contribution of transport through preferential 
flow for moraine soil. This difference in soil type agrees with the results of the lysimeters with 
surface application of DPC as well as well as with the findings for other compounds described 
in Torrentó et al.103. 
Approximately 0.5 % and 0.13 % of the applied CLZ was leached as DPC after 950 days in 
gravel and moraine soil, respectively. When analyzing the CLZ and DPC content in the upper 
soil, for none of the lysimeters a closed mass balance was obtained. While no CLZ was 
detected in the first soil layer (0 to 10 cm) approximately 1 year after CLZ application to the 
lysimeter surface (consistent with Pestemer & Malkomes130), DPC amounts corresponding to 
5 to 9 % of the applied CLZ were found (Table C7). CLZ and DPC are expected to be 
incorporated into maize plants based on the findings of Schuhmann et al.19 and Stephenson & 
Ries128. In addition, Barra et al.131 showed that during the first 90 days after CLZ application, 
CLZ dissipation was mainly due to volatilization and degradation, whereas later on, when CLZ 
was already in the subsurface, its disappearance from soil occurred mainly due to degradation. 
Higher DPC/CLZ concentration values were measured in the drainage water of the gravel soil 
compared to moraine soil. These results suggest that either DPC leached more rapidly through 
the soil matrix in the gravel soil because of higher permeability. Or, alternatively, the extent 
of CLZ degradation was higher for the gravel soil compared to moraine soil, as there is a 
greater contribution of preferential flow in moraine soil, which bypasses the top layer where 
degradation is mostly expected to take place. When preferential flow occurs, pesticides bypass 
large fractions of the soil matrix, reducing the degradation and sorption potential, as the topsoil 
is microbiologically more active and with higher organic matter content. CSIA results provide 
additional insights about these two hypotheses (see below). Concentration ratios and isotope 
results point to a higher extent of CLZ degradation in gravel than in moraine soil. Nevertheless, 
some metabolite-to-parent ratio values may be underestimated, because CLZ was below the 
limit of detection and, therefore, CLZ concentrations corresponding to the detection limit were 
chosen for calculation, resulting in a minimum estimated ratio in that case. 
3. Dual-Element Isotope Analysis of DPC to Investigate its Environmental Fate  
50 
 
Figure 3.2. Lysimeters with CLZ application on surface (a single application in May 2015), L4 (left panels) and L8 
(right panels). a) Daily irrigation (black bars) and cumulative drainage (grey line), b)-d) Concentration of CLZ (green 
circles), DPC (blue diamonds) and MDPC (black triangles) over time, e) metabolite-to-parent compound molar ratio 
of DPC/CLZ (black hexagon), f) carbon (black diamonds) and nitrogen (red diamonds) isotope ratios of DPC, error 
bars show the associated uncertainties (±0.5 ‰ for carbon, ±1.0 ‰ for nitrogen isotope analysis; or when exceeding 
this uncertainty, standard deviations of triplicate measurements are given, EA isotope values of the applied CLZ are 
shown as lines, whereas associated uncertainties (±0.5 ‰ for carbon, ±1.0 ‰ for nitrogen isotope analysis) are shown 
as dashed lines in the corresponding color, respectively; g) metabolite-to-parent compound molar ratio of MDPC/DPC 
(black diamonds), h) season corresponding to the time since application – spring (green horizontal lines), summer (red 
vertical lines), autumn (yellow dots), winter (blue diagonal lines); the grey dashed lines repeated in each sub-figure 
represent the start of a new year. 
 
In lysimeters with CLZ surface application (Figure 3.2, L4f and L8f), some carbon isotope 
values of DPC show a shift to more negative δ13C values compared to the carbon isotope 
3. Dual-Element Isotope Analysis of DPC to Investigate its Environmental Fate  
51 
signature of the applied CLZ (Table C4). This behavior is observable in both lysimeters, 
especially after heavy rain events such as that one performed 550 days after CLZ application 
(November 2016, Table C2), which resulted in a depletion in 13C by 3.4 ‰ for gravel soil 
(L4). This shift may be attributed to the mobilization of freshly formed DPC, which is formed 
from CLZ by loss of the aromatic moiety through C–N bond cleavage. Presuming that the 
phenyl-ring contains more 13C atoms than the average molecule (Figure C1), which may have 
been introduced by the synthesis process, this would result on a 13C-depletion. Alternatively, 
the shift may be due to secondary normal carbon isotope effects. Once transformation of DPC 
starts – as evidenced by the detection of MDPC – this 13C-depletion may be masked compared 
to the carbon isotope composition of the applied CLZ, as an enrichment in 13C in DPC is 
expected. Consistently, observed δ13CDPC values are close to or higher than the EA-IRMS 
value of the applied CLZ. 
In moraine soil (L8), no evidence of DPC degradation was obtained based on carbon isotope 
values, as changes of δ13C values were within the uncertainty of the method (Figure 3.2, L8f). 
In contrast, carbon isotope values of DPC in gravel soil (L4) showed an enrichment in 13C by 
up to +8.4 ‰ (Figure 3.2, L4f) indicating that DPC was further transformed. At a subsequent 
time point (930 days after application), however, the δ13CDPC value changed back close to the 
original isotopic signature detected at the beginning of monitoring. This indicates that the 
change in δ13C DPC values was “diluted” by the input of newly mobilized DPC, as supported 
by a concomitant increase of the DPC/CLZ concentration ratio (Figure 3.2, L4e). Hence, the 
two lines of evidence (isotope and DPC/CLZ concentration ratios) were found to complement 
each other in the assessment of DPC degradation – when one line of evidence was about to 
fail, the other was able to provide conclusive evidence. 
The more substantial changes in both δ13CDPC values and DPC/CLZ concentration ratios 
indicate that DPC degradation was higher in L4 (gravel soil) than in L8 (moraine soil) leading 
to the hypothesis that differences in the transformation rate of CLZ to DPC existed. This is 
supported by the findings of Capri et al.132, who reported that the extent of CLZ degradation 
is influenced by the moisture content of the soil. As described by Torrentó et al.103, there is a 
higher soil water content and less fluctuation of the water content in the gravel soil than in 
moraine soil. On the other hand, for both moraine and gravel soil, δ15N values of the DPC 
formed are, as hypothesized in Figure C1, close to the nitrogen isotope signature of the applied 
CLZ. Based on the findings of Lingens et al.86, the pyridazinone-ring of the CLZ molecule is 
not involved in the first transformation steps (dioxygenation of the phenyl-ring, Figure C1) so 
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that no significant nitrogen isotope fractionation is expected during CLZ transformation to 
DPC 51, 118, 119, 133. As the isotope effect during multi-step reactions is reflected by the rate-
limiting steps, our results indicate that the amidase-driven cleavage of the moiety (2-
hydroxymuconate) at the C–N bond, may be not rate-limiting. As a result, changes in nitrogen 
isotope values of DPC can be uniquely attributed to its further degradation. 
 
3.4.5. Transformation-Potential after Herbicide Injection Below the Vadose Zone 
Finally, two lysimeters (L6 and L7) were chosen to simulate the preferential flow after a heavy 
irrigation event by injecting CLZ into a depth of 40 cm, following the approach described by 
Torrentó et al.103. In contrast to surface application observations, CLZ and DPC broke through 
a few days after CLZ was injected (Figure C6). The second metabolite MDPC was detected 
in the drainage water after 130 days. The detection of the metabolites indicated that CLZ 
degradation occurred, even when it was injected below the root zone. Additionally, 
significantly greater concentrations of CLZ, DPC and MDPC (1 to 2 orders of magnitude 
higher) were measured in the drainage water of the lysimeter with CLZ depth injection 
compared to the CLZ surface applications. In contrast to surface application observations, 
early breakthrough of injected uranine and CLZ occurred for the two soil types within a few 
days (< 11 days for gravel and 6 hours for moraine soil) and after a small amount of 
accumulated drainage (< 55 mm and 8 mm, respectively). This rapid response and the peak 
tailing for both solutes are typical for preferential flow. More than 80 % of the total uranine 
recovered mass was received during this early breakthrough. These results confirm that 
preferential flow was enhanced by depth injection. In agreement with Torrentó et al.103, the 
response to intense irrigation events was more significant than for surface applications. It 
results in several fluctuations of CLZ and DPC concentrations in the drainage water during 
the first 370 days for both soils (Figure C4). A great increase in CLZ and DPC concentrations 
occurred in both lysimeters after 330-345 days (at 225-320 mm of accumulated drainage), 
coinciding with the heavy irrigation events in May 2015 (Table C2). After this pulse, no CLZ 
was recovered, while a steady increment in accumulated mass recovery was observed for DPC 
for both soils (Figure C5). 
At the end of the monitoring period (1250 days after CLZ injection), total leached analytes 
accounted for 24 and 22 % of the injected CLZ mass, respectively. Even though comparison 
between the two application methods may be limited (eleven uniformly distributed CLZ 
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injections versus broad surface application), higher recoveries were obtained for CLZ injection 
after the same time of monitoring (950 days): from 2.0 to 3.4 % of CLZ, between 16.4 and 
17.2 % of DPC and from 0.2 to 0.4 % of MDPC compared to no CLZ leaching, 0.13 to 0.15 % 
of DCP and below 0.02 % of MDPC with surface application. As the mass balance remains 
incomplete for CLZ injection, there is evidence that additional processes occurred. With 
surface application, processes such as volatilization131, additional transformation pathways88 
and uptake by plants19 likely accounted for the mass losses. Additional influences on the low 
recovery, which might also occur after CLZ depth injection, might be the low mobility for 
CLZ134 and the formation of putative fulvic acid complexes of DPC129. The DPC/CLZ 
concentration ratio in these lysimeters with CLZ depth injection shows that the main fraction 
of DPC seems not to be involved in sorption as this concentration ratio has a single global 
maximum starting approximately 600 days after CLZ injection (Figure C6). This global 
concentration maximum is two orders of magnitude greater than DPC/CLZ concentration 
ratios observed for CLZ surface application. It shows the importance of the topsoil to retain 
DPC. As indicated by the MDPC/DPC concentration ratio, further transformation of DPC 
occurred, although its extent and nature is unknown. 
ANOVA tests were performed to assess the differences between the two soil types and the 
CLZ application method (i.e. surface application vs. depth injection) regarding DPC leaching 
and its carbon and nitrogen isotope fractionation. The results showed that the DPC mass 
leached after 900 days was significantly influenced by the CLZ application method 
(p < 0.0001). A 90- to 260-fold increase in DPC leaching was observed for depth injection 
compared to surface application. Although the effect of soil type was not statistically 
significant (p = 0.998), CLZ surface application resulted in higher DPC mass leached for 
gravel than for moraine soil. 
Similar to observations in lysimeters with CLZ surface application, carbon isotope data of 
DPC show an enrichment in δ13C of 3.8 ‰ after 648 days of herbicide injection below the root 
zone in the gravel soil, while no significant change is observed in moraine soil (Figure C6). 
There, up to 648 days, no significant changes in 13C/12C and 15N/14N ratios were measured. 
The δ15N value of DPC shows the initial isotope composition of the CLZ applied to the 
lysimeter. In very few cases, it was possible to measure δ15N values of MDPC formed from 
DPC (Figure C6 and Table C11). Nitrogen isotope values of MDPC were by approximately 
6 ‰ more negative than δ15N signature of its parent compound DPC. This shift agrees with 
the findings in DPC transformation experiments (Figure 3.1, L1 and L12) and, thus, supports 
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the nitrogen isotope effect of DPC methylation of approximately +12 ‰ as estimated above 
(Table C9 and C10). According to the ANOVA results, isotope fractionation was mainly 
influenced by the soil type (higher 13C and 15N enrichment for gravel soil) rather than by the 
CLZ application method. 
 
3.4.6. Dual-Element Isotope Plot to Identify DPC Formation and Transformation 
A dual-element plot was used for an overview of observed trends in carbon and nitrogen 
isotope signatures of DPC (i) either from formation from CLZ, or (ii) when DPC was further 
transformed. In Figure 3.3a, isotope data of all lysimeters with DPC surface application are 
combined, whereas in Figure 3.3b, data of all lysimeters with CLZ application/injection are 
shown. In Figure 3.3a, where DPC represents the original applied compound, a general trend 
towards more positive δ 15N and δ 13C values is observable. This observation is consistent with 
the well-established phenomenon that, in most cases, heavy isotopes become enriched in the 
remaining substrate during (bio)degradation. As detailed above, DPC in first drainage samples 
(first 450 days) of the gravel soil showed a significant enrichment in 13C but not in 15N, 
indicating that two distinct processes for DPC transformation occurred. In contrast, Figure 3b 
shows two opposing trends pointing to the occurrence of both DPC formation and 
transformation. On the one hand, similar to the lysimeters with DPC application, a trend is 
observed towards more positive δ13C and δ15N values during the transformation of DPC. On 
the other hand, numerous data points show more negative δ13C and δ15N isotope values. As 
this trend is only observable for lysimeters with CLZ application and injection, we attribute it 
to the formation of DPC. As discussed above, possible explanations for the observed depletion 
in 13C (more negative δ13C values) is (i) an artefact of an uneven 13C isotope distribution in 
the cleaved phenyl-ring during DPC formation; or (ii) that the formation of DPC from CLZ 
(Figure C1) may be accompanied by a small and normal secondary carbon isotope effect. 
3. Dual-Element Isotope Analysis of DPC to Investigate its Environmental Fate  
55 
 
Figure 3.3. Dual-element isotope plot of a) DPC degradation in lysimeters L1 and L12, where DPC was applied on the 
surface, and b) formation and degradation of DPC in the lysimeters where CLZ was either applied (L4 and L8) or 
injected in a depth of 40 cm (L6 and L7); the red circles represent the isotopic signature of the applied/injected a) DPC 
and b) CLZ – position of CLZ and DPC differ within the dual-element isotope plots due to their different isotopic 
source signatures (Table C4). 
 
3.5. Environmental Significance and Outlook 
The isotope fractionation in DPC observed for the three tested scenarios is particularly 
important because (i) the change in carbon and nitrogen isotopic signature of DPC evidenced 
transformation of an apparently persistent metabolite, and (ii) these changes provide evidence 
that likely more than one transformation pathway is involved in DPC transformation. In soil, 
only methylation of DPC to MDPC is known and thus our data suggest the need for further 
laboratory experiments and mechanistic studies on DPC (bio)degradation to gain further 
insight into possible additional transformation pathways. (iii) Formed DPC, which had not 
been subject to further transformation yet, showed the same nitrogen isotope signature as its 
precursor CLZ. Hence, δ15N values may serve as isotopic fingerprints to identify the origin of 
such compounds in groundwater. 
When applying CSIA, the combination with conventional methods was found to be 
complementary and advantageous, especially when formation and transformation of the 
metabolite was occurring simultaneously. Once introduction of newly formed metabolite 
dominated, evidence from CSIA was not necessarily conclusive because transformation-
related changes in isotope ratios were masked by the continuous input of DPC. Here, 
additional information was gained by metabolite-to-parent concentration ratios, which became 
greatest and could provide evidence of DPC formation. Vice versa, when metabolite-to-parent-
ratios were small because DPC was further transformed, it was the changes in isotope ratios 
of DPC which still carried the isotopic imprint of the reaction and, hence, made transformation 
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visible. For further understanding of the environmental fate of DPC, reference experiments 
focusing on the determination of stable isotope fractionation factors as well as microbial 
processes during DPC transformation are required in order to identify transformation 
mechanisms and quantify them. 
For the future, our approach with CSIA in combination with concentration measurements and 
systematic long-term lysimeter experiments holds promise to answer questions about 
transformation pathways and the extent of soil / vadose zone (bio)transformation not only for 
DPC – one of the most widely detected substances – in groundwater, but also for other 
micropollutants of concern and their metabolites. Additionally, this study confirmed that the 
application of CSIA in combination with solid-phase extraction62, 118 is feasible for the analysis 
of polar micropollutants in drainage water at environmentally relevant concentrations. Thus, 
it can be also applied to studies in agricultural soil and groundwater from common 
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4.1. Abstract 
Micropollutants are frequently detected in groundwater, including even some pesticides that 
were prohibited decades ago. Thus, the question arises whether they may be slowly eliminated 
by natural attenuation, and whether such natural degradation over long time scales in 
groundwater can be observed by adequate analytical methods. Conventional approaches rely 
on parent compound/metabolite ratios, but they are difficult to interpret if metabolites are 
subject to sorption or further transformation. In this case, compound-specific stable isotope 
analysis (CSIA) presents an alternative approach to identify transformations processes. The 
method is based on the analysis of natural isotope abundances in pesticides and their changes 
when these micropollutants are degraded. However, the underlying analysis by gas 
chromatography-isotope ratio mass spectrometry (GC-IRMS) is challenged by the low 
concentrations of micropollutants in groundwater, which are in the range of tens of ng/L. 
Consequently, large amounts of water need to be extracted. Due to interfering matrix effects, 
however, the development of non-isotope discriminating enrichment and clean-up steps is 
necessary to ensure reliable CSIA by GC-IRMS. Hence, the aim of this study was to evaluate 
the accuracy of isotope ratio measurements of the frequently detected micropollutants atrazine, 
desethylatrazine and 2,6-dichlorobenzamid after enrichment from large volumes of water (up 
to 100 L) with solid-phase extraction and subsequent sample clean-up by preparative high-
pressure liquid chromatography. Associated isotope discrimination was found to depend on 
numerous factors including organic matter content and extraction volume. This emphasizes 
the importance of careful method evaluation of sample preparation and sample pre-treatment 
prior to reliable CSIA.  
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4.2. Introduction 
Pesticides from agricultural applications and their metabolites are frequently detected in 
surface and groundwater. Since groundwater is the main source of drinking water in many 
countries of the European Union, the presence of these compounds is of fundamental societal 
concern10, 78. Intriguingly, contaminants such as atrazine (ATZ), its metabolite 
desethylatrazine (DEA) and 2,6-dichlorobenzamid (BAM) are detected in groundwater in 
concentrations of tens to hundreds of nanaograms per liter11, 18, 135, 136 even though their 
application has been legally banned decades ago. ATZ is a herbicide, which was applied for 
broad-leaf and grassy weed control in the production of crops, sugar cane and corn. Its 
application was forbidden by the European Union in 200414. ATZ is known to be either 
dealkylated to DEA and desisopropylatrazine (DIA)137, or hydrolyzed to hydroxyatrazine 
(HAT)138. Its degradation pathway depends on the hydraulic and chemical characteristics of 
the environmental department as well as on the pH-value and sorption to organic matter139. In 
the environment, the extent of degradation in the topsoil is much greater than in aquifers140-
142, as microbial activity is highest in the topsoil. In an aquifer, however, the transit time of 
pesticides can be orders of magnitude greater compared to their transit time in unsaturated 
soil. Thus, it is of great interest whether the attenuation of ATZ within the aquifer is 
significant, and whether such slow transformation can be observed in groundwater over the 
time scale of decades. Recent studies based on concentration analysis and modelling show that 
a comprehensive investigation of such long time scales in the environment is challenging21, 22, 
143.  
In a similar case as for ATZ, the application of dichlobenil (DCB, 2,6-dichlorobenzonitrile) 
was forbidden in 2008, since its main metabolite BAM appeared in groundwater in 
concentrations of up to 5400 ng/L144-148. DCB had been used mainly in non-agricultural areas 
such as court yards, private gardens, industrial sites and railway lines to control grasses, broad 
leaved weeds and to eliminate tree roots18. Due to the sorption of DCB to soil, its concentration 
in groundwater is negligible. Its main metabolite BAM, in contrast, shows a much lower 
tendency to sorption and a much higher mobility so that it can leach through the vadose zone 
into groundwater49. In the environment, further degradation of BAM does not seem to be 
prevalent18 and long-term studies on degradation of BAM in the field are missing. 
Conventional approaches to assess degradation of pesticides rely on the measurement of parent 
compound concentrations or molar ratios of metabolite-to-parent compounds. Such 
concentration ratios, however, can be biased if the parent compound or the metabolite are 
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subject to sorption. Thus, they may show inconsistent trends if parent compounds are 
repeatedly introduced by fresh mobilization from soil. Additionally, such concentration based 
assessments can give inaccurate estimates if the metabolite is further transformed and are even 
not applicable if the pesticide’s metabolite is not known. In these cases, compound-specific 
stable isotope analysis (CSIA) is a complementary and alternative approach to detect the 
occurrence of pesticide degradation. Analysis of naturally occurring stable isotopes (e.g., 13C, 
12C) and changes in their relative abundance (13C/12C) in pesticide target compounds can be 
used to quantify the extent of pesticide degradation23. These changes in isotope ratios are a 
result of kinetic isotope effects occurring during biodegradation of organic compounds. 
Reactive bonds containing the heavy isotope (e.g., 13C) react more slowly in comparison to 
bonds containing the lighter isotope (e.g, 12C), leading to an enrichment of heavy isotopes in 
the remaining compound fraction. In contrast to conventional analytical methods, however, 
detection limits are not imposed by the analysis of total concentrations, but CSIA by GC-
IRMS needs to analyze also the abundance of more seldom isotopes with high precision. For 
example, to measure the carbon isotopic composition precisely by GC-IRMS, 1 nmol C on 
column is needed as the 13C isotope is rare (about 1.11 % of total carbon) compared to the 
more abundant 12C isotope. Micropollutants, however, are often detected in groundwater in 
the nanograms-per-liter concentration range51. As a consequence, large amounts of water have 
to be extracted to achieve a robust isotope analysis. Recent method development enabled CSIA 
of ATZ and BAM within the sub-µg per liter range. Schreglmann et al. 48 presented a non-
isotope discriminating enrichment method for accurate CSIA of ATZ and DEA extracted from 
up to 10 L of water. Besides the method for large-volume water extraction of ATZ and DEA, 
Torrentó et al.62 described a method including the extraction of BAM from up to 30 L. 
However, to assess the long-term environmental fate of a herbicide, methods are needed 
enabling its detection in groundwater bodies in even lower concentration ranges (low ng per 
liter range)11, 48, 149. Thus, to obtain the amount of target analyte required for accurate CSIA, a 
large-volume extraction of up to 300 L and therefore an up-scale of methods published so far 
would be necessary. Large-scale SPE, however, does not only enrich the target analyte, but 
also interferences from the sample matrix and other pollutants. Consequently, an additional 
sample clean-up using for example preparative high pressure liquid chromatography (HPLC) 
is necessary to eliminate interferences. Therefore, method validation is required to ensure that 
no method-related isotope fractionation is introduced. The aim of this study was to assess 
whether the extraction of target compounds from large water sample volumes may 
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compromise accurate CSIA. Thereto, large volumes of spiked and natural groundwater were 
used to test for the recovery of ATZ, DEA and BAM and to measure the carbon isotopic 
signature of each target analyte. 
 
4.3. Materials and Methods 
4.3.1. Chemicals 
Atrazine (2-Chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine, CAS no.: 1912-24-9), 
Desethylatrazine (2-Amino-4-chloro-6-isopropylamino-1,3,5-triazine, CAS no.: 6190-65-4) 
and 2,6-dichlorobenzamide (98.5 %, CAS no.: 2008-58-4) were purchased from Dr. 
Ehrensdorfer GmbH (Augsburg, Germany). Ametryn (2-Ethylamino-4-isopropylamino-6-
methylthio-1,3,5-triazine, 98.5 %, CAS no.: 834-12-8) was produced by Fluka, supplied by 
Sigma Aldrich (Steinheim, Germany). Formic acid (98 %, CAS no.: 64-18-6), methanol 
(99.9 %, CAS no.: 67-56-1), acetonitrile (99.9 %, CAS no.: 75-05-8) and ethyl acetate 
(99.9 %, CAS no.: 141-78-6) were supplied by Carl Roth (Karlsruhe, Germany). Potassium 
dihydrogen phosphate was purchased from Alfa Aesar GmbH & Co. KG (Karlsruhe, 
Germany). Ultrapure water was received from a Millipore DirectQ apparatus (Millipore, 
Bedford, MA, USA). 
 
4.3.2. Environmental Samples 
Water samples from the groundwater spring Haertgen 1 (national code: SCC-125-03) in the 
Luxembourg Sandstone Formation were collected within three different sampling campaigns. 
The water was collected in 15 L and 2 L Schott bottles (Schott AG, Mainz, Germany). A 
volume of 185 L per campaign was sampled and pre-treated immediately. 
 
4.3.3. General Analysis of the environmental samples – Total Organic Carbon 
The total organic carbon (TOC) was measured with a Torch Combustion Analyzer TOC/TN 
from TELEDYNE TEKMAR. One milliliter of sample was acidified using 1 mL of 
phosphoric acid (21 %). The inorganic carbon was then removed by purging with synthetic 
air. The organic carbon in the sample was subsequently converted to carbon dioxide (CO2) by 
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catalytic combustion using a platinum-based catalyzer. Afterwards, the formed CO2 was 
transferred into an infrared detector. 
 
4.3.4. Sample Pre-Treatment and Spiking with the Target Analytes 
Prior to spiking the groundwater with the target analyte, the groundwater was acidified, as pre-
tests with spiked tap water had shown an increase of analyte recovery after acidification. To 
this end, 30 mL of formic acid ( 98 %) were added to 2 L of groundwater. Afterwards, the 
acidified water was transferred into 2 L custom-made Schott-bottles (Schott AG, Mainz, 
Germany) with a cylindrical rounded bottom. The non-contaminated groundwater was then 
spiked with different concentrations of ATZ, DEA and BAM (Table E1). 
 
4.3.5. Analyte Enrichment with Solid-Phase Extraction 
For solid-phase extraction (SPE), 6 mL CHROMABOND EASY cartridges (Machery-Nagel 
GmbH & Co. KG, Düren, Germany) with 200 mg modified polystyrene-divinylbenzene 
copolymer sorbent were used. As the sorbent mass was designed to work up to a maximum 
sample volume of 4 L, the total sample was split into aliquots of 4 L, the aliquots were 
extracted on separate cartridges and the extracts were reunited after the extraction method. 
Each cartridge was pre-conditioned with 5 mL methanol at a flow rate of 1 mL/min and an 
equilibration time of 0.1 min using a Gilson GX-274 ASPEC (Gilson Incorporated, Middleton, 
WI). Subsequently, the samples were loaded by pumping the spiked water from the 2 L Schott-
bottles onto the cartridges using a vacuum manifold. After the sample had passed the cartridge, 
they were kept on the vacuum manifold until the sorbent was dried completely. Then, in 
contrast to conventional SPE, a subsequent washing step was skipped and the cartridges were 
transferred directly into the Gilson GX-274 ASPEC instrument, where the elution of the 
samples was carried out automatically into 10 mL tubes with 2 mL methanol at a flow rate of 
0.5 mL/min and an equilibration time of 0.5 min. After elution with methanol, the samples 
were transferred into 7 mL clear vials with solid caps (PTFE liner) (Supelco, Bellefonte, PA). 
Finally, the corresponding volumes of each sample were combined and evaporated until 
dryness. 
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4.3.6. Sample Clean-up with preparative HPLC 
Prior to GC analysis, samples were subjected to a clean-up step adapting the fractionated 
HPLC method described by Schreglmann et al.48. To this end, the sample extracts were 
dissolved in 800 µL ultrapure water/acetonitrile (70/30). To avoid a blockage of the HPLC 
column, samples were filtered prior to injection using a 4 mm single use filter device with a 
0.2 µm PTFE Membrane (Whatman, Buckinghamshire, United Kingdom). The samples were 
injected onto a Synergi 4 µm Hydro-RP 80 Å (100 mm × 4.6 µm; Phenomenex, 
Aschaffenburg, Deutschland) operated in a Shimadzu UHPLC-DAD (Nexera XR, LC-
20AD XR). Separation of the analytes was achieved using a gradient of 1 mM phosphate 
buffer at a pH of 7 and acetonitrile (ACN) at a flow rate of 1.0 mL/min. The method started at 
30 % ACN, which was held for 5 min. The proportion of ACN was then increased linearly to 
65 % within 7 min. Subsequently, the gradient was increased to 80 % within 0.5 min and held 
for 1.5 min. At the end of the run, the proportion of ACN was reduced to 30 % again (held for 
3 min). The detector was operated at an absorbance of 220 nm. BAM, DEA and ATZ eluted 
at retention times of 3.5 min, 4.8 min, and 10.5 min, respectively. Thus, the fraction for BAM 
and DEA was collected from 2.1 to 6.7 min. For ATZ, the fraction from 9.5 to 13.0 min was 
taken for further analysis. Finally, the samples were freeze- dried and reconstituted in 50 µL 
ethyl acetate. 
 
4.3.7. Quantification with GC-qMS 
The recovery of the target analytes from the groundwater samples was determined with gas 
chromatography – quadrupole mass spectrometry (GC-qMS). Thereto, a 7890A GC was 
hyphenated with a 5975C qMS (Agilent, Santa Clara, CA, US). For peak separation, a DB-5 
column (60 m × 0.25 mm × 1 µm) (J&W Scientific, Santa Clara, CA) was used. The helium 
carrier gas (grade 5.0) was set to a flow of 1.4 mL/min. Using a CombiPAL autosampler (CTC 
Analytics AG, Zwingen, Switzerland), three microliters of each sample were injected in 
splitless mode at a temperature of 250 °C. The GC program started at a temperature of 70 °C, 
which was held for 1 min. Afterwards, the temperature was ramped with 18 °C/min to 155 °C. 
Then, the temperature was increased with 2 °C/min to 240 °C and finally with 30 °C/min to 
260 °C (held for 5 min) before the column was baked for 11 min at a temperature of 280 °C. 
The target analytes were introduced into the MS via a heated transfer line (250 °C). 
Subsequently, the ions were created with electron impact ionization at an electron-accelerating 
voltage of 70 V. The MS was run in scan mode (from mass-to-charge ratio (m/z) 40 to 550). 
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ChemStation E.02.02.1431 was used as software to control the instrument and to evaluate the 
data. To determine the recovery, the target analytes were quantified with Ametryn (20 mg/L) 
dissolved in ethyl acetate as an internal standard using its m/z 227 as a quantifier ion. Data 
evaluation for DEA and BAM was carried out using m/z 172 and 173, respectively, as 
quantifier ions. ATZ was quantified using the mass-to-charge ratio 200. All analytes were 
identified by their mass spectrum and by comparison of their retention times with those of an 
authentic standard. 
 
4.3.8. EA-IRMS Measurement for Determination of Reference Values 
The carbon isotope composition of the reference standards of ATZ, DEA and BAM were 
determined by elemental analyzer-isotope ratio mass spectrometry (EA-IRMS)76. Thereto, an 
EuroEA (Euro Vector, Milano, Italy) was coupled to a Finnigan MAT 253 IRMS via a 
FinniganTM ConFlow III interface (Thermo Fisher Scientific, Bremen, Germany). The 
reference standards were calibrated against the organic referencing materials L-glutamic acid 
(USG 40 and USG 41) and caffeine (IAEA 600) supplied by the International Atomic Agency 
(Vienna, Austria). The carbon isotope ratios are reported as isotope values (δ13C) in per mil 
relative to the international reference PeeDee Belemnite (V-PDB) according to equation 4.1: 
 
δ C13 = C





The isotope values were measured relative to our laboratory CO2 monitoring gas. The gas had 
been previously calibrated against RM8563 (CO2) purchased from the International Atomic 
Energy Agency (IAEA). The reference gas was introduced into the system three times at the 
beginning and at the end of each analysis run. 
 
4.3.9. GC-IRMS Conditions for Carbon Isotope Analysis 
Carbon isotope analysis was conducted with a TRACE GC Ultra gas chromatograph (Thermo 
Fisher Scientific, Milan, Italy) hyphenated via a Finnigan Combustion III interface (Thermo 
Fisher Scientific) with a Finnigan MAT 253 isotope ratio mass spectrometer (IRMS) (Thermo 
Fisher Scentific, Bremen, Germany). For the analysis, the IRMS parameters were kept at a 
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vacuum of 2.1  10-6 mbar, an accelerating potential of 9 kV and an emission energy of 2 mA. 
Target analytes were transformed to CO2 at a temperature of 1030 °C using a NiO tube/CuO-
NiO reactor (Thermo Fisher Scientific). The GC was equipped with a 60 m Rxi-5ms column 
(Restek GmbH, Bad Homburg, Germany) with an inner diameter of 0.25 mm and a film 
thickness of 1 µm. At the beginning of the GC temperature program, the oven was set to a 
temperature of 50 °C, which was held for 1 min. Afterwards, the oven temperature was 
increased linearly with 18 °C/min to 155 °C, followed by 5 °C/min to 240 °C (held for 0 min). 
Subsequently, the temperature was increased with 30 °C/min to 260 °C, held for 5 min. 
Finally, a ramp of 15 °C/min heated the column to a temperature of 280 °C, which was held 
for 9 min. A volume of between 1 µL and 3 µL of sample extract was injected on-column 
using a PAL autosampler (CTC Analytics AG, Zwingen, Switzerland). The helium (grade 5.0) 
carrier gas flow and injector temperature program were controlled by an Optic 3 device 
(ATAS, GL Science, Eindhoven, Netherlands). The ATAS injector was equipped with a 
custom-made glass on-column liner. It had an initial temperature of 50 °C (held for 300 s). 
Subsequently, the injector temperature was increased with 4°C/s to 250 °C. Meanwhile, the 
split flow, which started at 14 mL/min, was set to 0 ml/min for 120 s and then back to its initial 
flow of 14 mL/min. At the beginning of each run, the flow rate was set to 0.3 mL/min, held 
for 2 min and then increased linearly to 1.4 mL/min within 120 s. To control and verify the 
instrument performance, reference standards of ATZ, DEA and BAM were used to monitor 
retention time and shifts in δ13C values during the sequence. 
 
4.3.10. Correction Procedure applied for Isotope Analysis 
For each sample we aimed to measure the isotope value three times. All reported isotope ratios 
are expressed as arithmetic means of samples collected in different sampling campaigns with 
the respective estimates of their standard deviations (± σ). The calibration was performed by 
bracketing the samples with authentic reference standards to apply the principle of identical 
treatment by Werner and Brand26. With this method, drifts that occurred within a sequence as 
well as differences in the combustion efficiency were corrected directly. 
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4.4. Results and Discussion 
4.4.1. Recovery of ATZ, DEA and BAM from Groundwater 
The extraction of different water volumes resulted in unsatisfactory and non-reproducible 
recoveries for all three target analytes (Figure 4.1). Considering the differences between the 
mass spiked and the mass recovered, the applied method seems to be non-quantitative when 
extracting the large volumes of groundwater targeted in this study.  
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Figure 4.1: Recovery in percent of a) ATZ (diamonds) b) DEA (squares) and c) BAM (circles) in relation to water 
volumes extracted; Extracts from spiked samples for which the original groundwater was collected on 15th October 
2015 are represented as black symbols, while those for which the groundwater was collected on 21st October 2015 are 
represented as white shapes.  
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Non-quantative SPE may potentially be caused by a breakthrough of the target analyte. This 
can occur due to high mass loadings or due to high sample volumes, where the target analyte 
already sorbed to the cartridge material is washed off. For the method presented in this study, 
the latter reason is unlikely, as a maximum volume of 4 L groundwater was loaded onto the 
SPE column. Alternatively, minor losses might occur during transformation steps. Another 
reason for low recoveries may be the interaction of analytes with components present in water 
matrix. Indeed, pre-tests with tap water, where matrix components are minimized, gave much 
greater ATZ recoveries of 105 ± 17 % (V = 4 L; n = 3) applying the same extraction method 
at a pH of 2. Similar discrepancies in analyte recoveries between tap and environmental water 
were observed in our recent study for other polar micropollutants such as 
desphenylchloridazon (DPC), where recoveries of DPC in tap water were measured at 
approximately 100 %, while DPC from environmental water showed a recovery of 30 %62. 
Comparably low recoveries have been measured for ATZ in soil150. Commonly detected 
matrix components, which are present in soil and groundwater but not in tap water, are humic 
substances (HS) like fluvic and humic acids. Even though previously published studies of ATZ 
extraction methods from groundwater showed higher recoveries of up to 100 %151, 152, there 
are only few studies validating the extraction of atrazine from large volumes of water rich in 
humic substances, and at trace concentrations of micropollutants153. On the other hand, the 
interaction of ATZ with HS, in particular with humic acids and fulvic acids has been studied 
before154-156. It has been observed that, depending on the pH-value of the water and the amount 
of HS present, ATZ-HS complexes may be formed. For a pH smaller than 5, complexes 
between ATZ and the HS are formed by either a proton-transfer bonding or a hydrogen 
bonding between N in the secondary amino groups or the triazine ring of ATZ with the oxygen 
containing functional groups within the humic acids157 (Scheme E1). The water in the 
Luxembourg Sandstone Formation is reported to have a pH of approximately 7158, 159. 
Consequently, due to the acidification of the water prior SPE, the pH of the water was 
decreased to approximately 4, which is expected to facilitate the ionic interaction between 
ATZ and HS. Unfortunately, data about the TOC content of the extracted groundwater are not 
available. However, Figure E1 shows the total organic carbon of the spring from where the 
groundwater for spiked samples was taken and where the TOC was analyzed over a period of 
16 months. Here, significant variations over time (between 0.6 mg/L and 2 mg/L) are 
observable. Hence, diurnal differences in the TOC content of the water are a likely hypothesis 
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to explain the low recoveries and the inter-day differences in the recovery observed in our 
study.  
 
4.4.2. Isotope Fractionation After Large Volume Extraction 
Figure 4.2 shows the differences in isotope values of extracts from spiked groundwater 
samples compared to the reference value of the standard with which they were spiked.  
 
Figure 4.2: Deviation of carbon isotope values of standard measurements induced by large volume water extraction 
of a) ATZ (grey diamonds), DEA (black diamonds) and b) BAM (blue circles); the y-axis represents the deviation from 
the true value, where the black line indicates the absence of isotope fractionation; red symbols correspond to samples 
for which only a single measurement was achieved 
 
For ATZ, no isotopic discrimination was observed for extraction volumes smaller than 10 L 
(Figure 4.2a). Contrary to expectations, however - and contrary to the results of an alternative 
method where much greater recoveries were observed62 - the method introduced a significant 
isotope fractionation of up to 6 ‰ for extraction volumes greater than 10 L. As described by 
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Bakkour et al.63 solid phase extraction of a target analyte from large samples volumes implies 
that concomitantly also matrix constituents become enriched including TOC of groundwater 
and even oligomers of the SPE material (Figure 4.3). In the SPE extraction protocol described 
here, the high background may be a particular result of the missing washing step within the 
SPE. This step is not mandatory but results in cleaner samples, as it is usually applied to 
remove interfering undesirable compounds without eluting the target analyte160. It is 
accomplished by choosing a washing solvent similar or slightly stronger than the solvent used 
within the sample load step. Thus, matrix compounds, which are not as retained by the sorbent 
as the target analyte, will be washed out, while the compound of interest remains within the 
sorbent160. Therefore, by omitting this step within the procedure, not only the target analytes 
were eluted after sample loading but also the groundwater matrix. DEA showed no isotope 
fractionation for extraction volumes lower than 10 L. As shown in Figure 4.2b, isotope 
fractionation was also not observed for BAM. However, neither DEA, nor BAM could be 
measured for extraction volumes greater than 10 L, as background interferences were too high 
compared to the low signals for peak detection (Figure E2). 
If in the case of a high background the δ13C value of GC-IRMS measurements does not 
represent the isotopic ratio of the target analyte, this may have several reasons. (1) Difficulty 
of background correction. After peak separation target compounds are combusted to CO2 prior 
to IRMS analysis. Thus, peak separation and background correction are critical since 
otherwise it would not be possible to distinguish whether CO2 origins from the target analyte 
or from interfering matrix components. If the TOC is so high that an adequate background 
correction is no longer feasible, peaks would represent a mean of the δ13C of the background 
and the target analyte. As the background has an isotopic signature different from the target 
analyte, determination of analyte-specific isotope ratios and, hence, identification of shifts in 
δ13C values of ATZ that would demonstrate natural degradation in the field would be biased. 
(2) Compromised oxidation efficiency. Such an elevated background may in addition 
compromise the oxidation efficiency of the oxidation reactor which is positioned after the GC 
column to convert target compounds to CO2 prior to isotope analysis. This combustion of 
target analytes to CO2 is achieved by oxygen stored in form of CuO and NiO in the reactor. 
By loading too much carbon onto the reactor, the combustion capacity of the reactor may be 
exhausted. As a result, target analytes are only partially combusted and measured δ13C are 
more negative (“lighter”) than their true isotope signature. High variations in the standard 
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deviations (SD) of different sampling dates suggest that the observed deviations from true 
values are not reproducible so that the bias introduced by the method cannot be corrected.  
 
Figure 4.3: Chromatograms of ATZ after HPLC-cleanup and on-column injection of a and b) 1 L of water extraction 
and c and d) 100 L of water extraction 
 
(3) Compromised chromatographic performance. Additionally, the high content of dissolved 
organic carbon caused chromatographic challenges, as the matrix and the target analyte were 
sorbed to the pre-column of the on-column injection creating active spots, which resulted in 
reduced amplitudes of the target analyte in samples, and even in standards measured after a 
sample. Such matrix residues sorbed to the pre-column could not be removed by heating of 
the GC oven and caused either partial or complete blockages of the system, which needed to 
be removed by shortening the corresponding parts of the pre-column. Thus, the high matrix 
background did not only affect the sample itself, but there was carry-over of the matrix 
affecting also isotope analysis of atrazine standards introduced after samples of large volume 
water extraction. An additional effect observed were isotope effects during chromatography 
leading to double peaks (Figure 4.4). Its influence on the isotope value of the target analyte 
needed to be eliminated by either automatic or by manual integration of both peaks. 
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Figure 4.4: Deviation of atrazine carbon isotope values of standard measurements and spiked groundwater samples 
used for method validation observed within a sequence; circles represent the amplitude and diamonds the deviation 
from target carbon isotope values of standard 1 (grey), standard 2 (white) and spiked groundwater samples (10 L 
sample extraction, red). 
 
4.4.3. Suggestions for Improvement 
The results of our evaluation present the case of an extraction method which needs to be further 
optimized in order to achieve sensitive, accurate and robust isotope analysis. Here, it appears 
advisable to omit the acidification as a sample preparation step for SPE and rather add a buffer 
to in order to reduce possible interactions of the target analytes with humic substances. We 
further hypothesize that the method tested may be significantly improved for robust and 
accurate carbon isotope analysis if measures are taken to eliminate interferences from DOC of 
groundwater and, potentially, from soluble SPE cartridge material. Further sample clean-up 
could be achieved by different approaches. To start with, interfering matrix components may 
be eliminated by including a washing step within the SPE, after the sample has been loaded 
and prior to its elution.  
 
4.5. Environmental Significance and Outlook 
Hence, the results of this study highlight a case which necessitates further optimization in 
order to emphasize the necessity of a careful method validation of large volume extraction. 
They show that the hyphenation of many analytical procedures may not only have an influence 
on the recovery, but also on the integrity and reproducibility of isotope values and thus on the 
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interpretation of field data. Consequently, prior to the extraction and measurement of 
environmental samples, methods need to be carefully validated, such as in Torrentó et al.62. 
The following case of an environmental study illustrates that otherwise inaccurate conclusions 
may be drawn. 
 
4.5.1. Possible Bias in the Interpretation of Environmental Data 
Figure 4.5a shows isotope values of ATZ from different natural atrazine-containing 
groundwater samples that were analyzed in parallel to the method evaluation presented in this 
manuscript. This comparison includes samples deriving from an aquifer of the Luxemburg 
Sandstone Formation, which have all been prepared for CSIA according to the protocol 
described in this chapter. In contrast, for the other samples (Franconia and Austria), sample 
pre-treatment and extraction was carried out according to the methods of Schreglmann et al.48. 
Groundwater samples analyzed from Franconian and Austrian aquifers according to 
Schreglmann et al.48 showed isotope values of atrazine close to commercially available 
products, which usually fall within a range of δ13C values between -26 ‰ to -33 ‰ 76, 161-163. 
In contrast, there is a correlation between δ13C and the ATZ concentration detected in the 
Luxembourg Sandstone Formation (Figure 4.5b and c). 
Carbon isotope values of samples collected in the Luxembourg Sandstone Formation 
(Figure 4.5b), show a significant enrichment in 13C of up to -16 ‰ within the low ng/L 
concentration range. Comparing the measured δ13C values from Luxembourg to the carbon 
isotope values of ATZ measured in other field samples and to the isotope signatures of 
commercially available products, the detected 13C enrichment would be interpreted as an 
indication of extensive degradation. According to laboratory degradation experiments of 
Meyer et al.23 and Lihl et al.50, where degradation of ATZ by Arthrobacter aurencens TC1 
and Rhodococcus sp. NI 86/21 was quantified, a δ13C (ATZ) of -16 ‰ would indicate that 80 
to 90 % of the ATZ has already been degraded presuming an ATZ source signature of -26 ‰.  
When relating the measured carbon isotope value of ATZ to the extracted water volume, 
however (Figure 4.5c) a correlation of 13C enrichment with the extraction volume becomes 
apparent, in a similar manner as observed in Figure 4.2. This trend is not observed for the 
samples collected in Austria and Franconia. Hence, based on our observations in the present 
study, isotopic shifts induced by extensive sample extraction would be a likely explanation of 
these results. 
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Figure 4.5: a) and b) Carbon isotope values of ATZ versus analyte concentration in natural groundwater samples.; c) 
carbon isotope values of ATZ in relation to the volume of water extracted for CSIA; red diamonds represent samples 
collected in the aquifer of the Luxembourg Sandstone Formation and extracted according to the method evaluated 
here. In contrast, circles (ATZ samples from two different collection sites in Austria) and triangles (ATZ samples from 
two different collection sites in Franconia) were extracted according to the method of Schreglmann et al.48. 
 
Consequently, the application of the SPE protocol described may lead to potentially inaccurate 
conclusions about degradation in natural samples if it is not accompanied by a method 
evaluation as presented here. This emphasizes the general need of careful method validation. 
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4.5.2. Opportunities for Further Analytical Developments 
To further decease limits of sensitive CSIA, different opportunities exist. First, fractionative 
HPLC clean-up can be repeated using a different gradient method in order to separate target 
analytes from additional remaining interferences. Second, Molecularly Imprinted Solid Phase 
Extraction (MISPE), a selective enrichment method to remove matrix in organic solvents by 
specific intramolecular interactions, can be applied after fractionative HPLC. Here, materials 
have been developed for organic micropollutants such as triazines164, 165 but not yet for BAM. 
Both approaches, however - fractionative HPLC and MISPE - are highly labor intensive. 
Hence, the application of comprehensive GC×GC-IRMS represents a further attractive option 
to enable carbon isotope analysis of analytes in complex matrices. Here, resolution and 
separation capacity are increased by adding a second dimension to the system and thus 
separate the background from the target analyte72. Hence, dedicated analytical efforts are 
necessary, and bear potential, to further push the limits for analysis of organic trace 
compounds in groundwater. 
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The emerging contamination of natural water bodies and drinking water recourses with 
persistent and polar micropollutants, such as the frequently detected desphenylchloridazon 
(DPC), 2,6-dichlorobenzamide (BAM), atrazine (ATZ) and desethylatrazine (DEA), 
emphasizes the need to investigate the environmental fate of these micropollutants. To tackle 
these questions, compound-specific stable isotope analysis (CSIA) has been established as an 
important method to evaluate the formation and transformation of micropollutants in complex 
sample matrices. 
In the first part of this thesis (Chapter 2), sensitive methods for the carbon and nitrogen isotope 
analysis were developed using DPC as a model compound. Both methods enabled CSIA of 
polar micropollutants in a sub µg/L concentration range. A step towards more sensitive isotope 
analysis was realized by using a different injection technique for nitrogen isotope analysis. 
The method was optimized by factor 10, resulting in limits of precise isotope analysis of 
approximately 100 ng DPC on-column per method. It was shown that the combination of both 
developed methods gives access to dual-element isotope plots. Nitrogen isotope values, in 
particular, can be used to distinguish different sources of DPC and to identify if they derive 
from different parent compounds. The combination of the presented methods, especially with 
the large-volume extraction presented by Torrentó et al.62 (Appendix B) enables the isotopic 
analysis of DPC in environmental water, as shown in Chapter 3. 
Chapter 3 proves the feasibility of the application of the developed nitrogen and carbon isotope 
analysis for the investigation of the environmental fate of polar micropollutants such as DPC 
in a controlled lysimeter site, as described by Torrentó et al.166 (Appendix D). It emphasizes 
the importance of the combination of analytical methods such as the metabolite-to-parent ratio, 
especially when pollutants are partially degraded. Due to the simultaneous formation and 
transformation of the metabolite and its re-mobilization, the isotope ratios could have been 
masked by the new input. Consequently, the metabolite-to-parent ratio provided evidence of 
DPC formation. On the other hand, when further transformation of the metabolite occurred, 
the concentration ratios were inconclusive. In this case, changes in isotope ratios provided 
evidence about degradation of the metabolite. Within this chapter, the application of the 
persistent metabolite was investigated for the first time without interference caused by the 
simultaneous formation and transformation of DPC. We found that DPC is formed from its 
parent compound chloridazon (CLZ) independent of its form of application and soil type. 
Furthermore, during the long-term investigation, DPC was transformed to 
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methyldesphenylchloridazon (MDPC) in all lysimeters. Plants, sorption and the preferential 
flow had an influence on the formation and degradation of DPC. However, quantification 
showed that only a minor fraction was transformed, indicating the persistency of this 
micropollutant. A significant enrichment in 13C and 15N by approximately +4 ‰ and +3 ‰ 
was observed, which was, however, influenced by dilution effects with freshly mobilized DPC 
from the vadose zone. DPC which had not been further transformed showed the same 15N as 
its parent compound. Thus, the fingerprint of DPC may be used to track its original source and 
identify whether more than one source is responsible for the contamination.  
In Chapter 4, this thesis pinpoints the challenges observed in CSIA of polar micropollutants 
in groundwater matrices using ATZ, DEA, and BAM as model compounds. Extensive sample 
enrichment resulted in an incomplete recovery and caused isotope fractionation leading to an 
overestimation of a micropollutant’s degradation. This study, therefore, emphasizes the need 
for a careful method evaluation and validation as a part of method development. It was shown 
that not every method developed in the laboratory is suitable for environmental sample 
matrices, in particular if changes in pH are part of the method. In the case of ATZ and DEA 
we retrospectively hypothesized that a change of pH prior to SPE may favor the formation of 
analyte-fulvic acid complexes leading to very low recoveries. Consequently, even more 
extensive sample enrichment and clean-up would be required for accurate CSIA as matrix 
compounds have a significant influence on the chromatography and the isotope ratio. Due to 
these limitations, there is an urgent need for more sensitive isotope analysis by methodological 
and instrumental advances. 
The knowledge gained within the scope of this thesis might be the basis for future degradation 
studies of polar micropollutants like DPC, as the analytical method development enables dual-
element isotope analysis, which is used to receive information about the transformation 
pathways of DPC and the underlying mechanism. 
Furthermore, besides methodological advances as discussed in Chapter 4, instrumental 
developments towards a more sensitive comprehensive GCGC-IRMS are crucial steps for 
future isotope analysis of trace compounds in complex matrices. GCGC-IRMS could 
probably enable carbon isotope analysis of micropollutants in complex sample matrices in the 
low ng/L range and would therefore minimize sample pre-treatment and preparation efforts. 
These advances would open a broad field of application in environmental science. For 
example, GCGC-IRMS might be an attractive option to enable the detection of 
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micropollutants in groundwater and thus to investigate their long-term environmental fate in 
the field. Additionally, sensitive comprehensive GCGC-IRMS might prove mass transfer 
limitations of micropollutants in bacteria at low µg/L ranges not only in Chemostats167 but 
also in the field. 
Pushing limits of precise isotope analysis even further towards the pg/L ranges, as shown by 
Baczynski et al.66 and adding a second dimension, GCGC-IRMS may be combined with non-
target analysis to trace contaminants in waste water and surface water to their source. 
As a result of the urgent need for further instrumental developments, first approaches are 
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6.1. Introduction 
In recent years, reports about the detection of micropollutants (pesticides, pharmaceuticals) in 
surface- and groundwater accumulated and the assessment of a compound’s environmental 
fate using compound-specific stable isotope analysis (CSIA) by gas chromatography-isotope 
ratio mass spectrometry (GC-IRMS) has been raising increasing interest. The method is based 
on the analysis of isotope ratios at natural isotope abundances and isotopic shifts therein. So 
far, however, the analysis of micropollutants has been limited to the low µg/L or higher ng/L 
concentration range48. This contrasts with frequent detection of micropollutants in the low 
ng/L range. To target these concentrations, high sensitivity, robustness and accuracy are 
crucial parameters for CSIA. Chromatographic developments for peak separation and the 
improvement of pre-concatenation techniques (e.g., solid-phase or liquid-liquid extraction) 
have been improved, and have thus widened the field of applications of CSIA. The specific 
application of CSIA for polar micropollutants remains, however, limited and challenging, as 
these techniques do not only enrich the analyte, but also interfering matrix components so that 
the measurement of isotope ratios may be biased48, 51, 63, 168-170. Thus, new approaches are 
required to enhance (i) the sensitivity of CSIA and (ii) the resolution in order to enable the 
analysis of micropollutants in environmental samples. Latest approaches address the 
optimization of these parameters by modifying the analytical instrumentation of GC-IRMS 
systems rather than just focusing on sample pre-treatment (extraction, pre-concentration, 
etc.)65-67, 73, 76, 171, 172. To increase the sensitivity and to optimize the resolution of a GC-IRMS, 
it is crucial to obtain narrow peak widths (w) in relation to the peak’s retention time (RT) and 
thus to increase the efficiency of the system, which is usually measured in the number of 
theoretical plates (N) of a GC column (equation 6.1).  
 N = 5.45 × ൭ 𝑅𝑇𝑤ଵ ଶൗ
൱ eq. 6.1 
In current GC-IRMS systems, the carrier gas is currently channeled through components with 
relatively large internal diameters (ID) such as 0.25 mm - 0.32 mm GC capillary columns, as 
well as through components with dead volumes e.g., a T-valve, a reactor for analyte 
combustion (inner diameter 0.5 mm) and a reduction oven, which affect the resolution 
negatively. It is therefore necessary to avoid dead volumes and minimize the internal diameters 
of the components (capillaries and reactors) as this will reduce the half-peak width w1/2 and 
thus improve the system’s resolution173. 
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This approach was first applied by Sacks et al.64 for the analysis of fatty acid methyl esters. A 
fast GC with narrow columns was hyphenated to an IRMS, which resulted in reduced average 
peak widths of 720 ms compared to previously reported peak widths of 4.7 s and a precision 
of 1.4 ‰ for 100 pmol carbon on column.  
Baczynski et al.66 improved the precision of the approach from Sacks et al.64 by reducing the 
diameter of capillaries (0.1 mm instead of 0.15 mm), using a PTV inlet instead of a 
microfluidic switch and by optimizing the combustion method. This enabled an accurate 
analysis of n-alkanes (n-C16 – n-C30) for 100 pmol carbon on column with a precision of 
0.9 ‰. An additional critical device effecting the instrument’s sensitivity is the open-split, 
as more than two thirds of a sample are lost at this part174. It is used to control the helium flow 
from the GC to the IRMS in order to protect the vacuum and to transfer the analyte into the 
IRMS. In this case, Baczynski et al.66 described the optimization of the open-split by aligning 
the capillary of the transfer line to the IRMS sniffing capillary to increase the instrument’s 
sensitivity.  
Besides these initiatives to improve the sensitivity and resolution by modification of 
commercially available unidimensional GC-IRMS systems, attempts have been made to 
enhance these parameters by the combination of multidimensional GC application with 
IRMS72, 73, 75, 175. Multidimensional GC (MDGC) is achieved by adding a second column to 
the system via an interface such as a dean switch. In this case, it is called heart-cut 2D-GC and 
is considered to be one of the first approaches of MDGC176. To achieve multidimensional 
separation, the interface ‘samples’ a fraction of the eluent, mostly one peak within a selected 
time frame, and transfers it from the first column onto the second column. The second column 
has similar dimensions but a different polarity compared to the first column which improves 
the resolution of closely eluting compounds. This technique is, however, only of interest if 
information of a target analyte within a defined retention time range and thus no information 
about the entire sample is necessary. In this case comprehensive GCGC is used, a technique 
where the complete eluent is transferred via a modulator interface from the first column onto 
the second column without destroying the separation achieved in the first dimension72, 177. To 
preserve the separation from the first dimension, the second column is shorter (e.g., 1 m - 2 m), 
has a smaller internal diameter (e.g., 0.1 mm - 0.18 mm) and a different selectivity compared 
to the first column. Thus, instrumental modifications as described by Baczynski et al.66 are 
technical requirements for qualitative GCGC separation. Depending on the target analyte, 
different types of modulators, either a valved-based or a thermal modulator are possible178, 179. 
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An overview of different modulator systems and their operating mode is published by Edwards 
et al.178.  
For trace analysis of micropollutants in complex sample matrices, comprehensive GCGC-
IRMS is potentially more powerful compared to heart-cut GC for two reasons. First, the 
influence of matrix components may lead to shifts in retention times so that peaks may be lost 
if they happen to move out of the heart-cut window for transfer to the second dimension. 
Consequently, this would lead to biased isotope results in heart-cut 2D-GC-IRMS175. An 
additional promising advantage of comprehensive GCGC is the possibility of cryofocusing 
by using a cryogenic modulator. In this case, the target analyte is frozen in the first dimension 
and released by heat on the second dimension. This procedure results in sharpened peaks 
(reduced peak width and increased amplitudes) and thus an improved sensitivity and higher 
resolution180. 
The first instrumental set-up and application of comprehensive GCGC coupled to an IRMS 
has been published by Tobias et al.72 for the analysis of steroids in urine. Before application 
of GCGC-IRMS for steroid analysis in complex sample matrices such as urine, extensive 
sample pre-treatment72-74 such as the combination of SPE, liquid-liquid extraction and 
preparative HPLC were involved for carbon isotope analysis in order to reduce the complexity 
of the sample matrix. Thus, by applying comprehensive GCGC sample preparation 
requirements were reduced72, 73. 
The aim of this study is to increase the sensitivity and resolution without introducing an 
isotopic discrimination to detect polar micropollutants in complex sample matrices at low ng/L 
concentration ranges. This preliminary study targeted the following instrumental 
modifications based on the studies of Baczynski et al.66 and Tobias et al.74 to achieve 
improvements on the GC-IRMS system for enhanced sensitivity and peak separation: In the 
first part, instrumental modifications focused on the improvement of the existing one-
dimensional GC-IRMS system. In order to achieve this, the dead volume of the system as well 
as the peak width were targeted by reducing the inner diameter of all capillaries and the GC-
column. In addition, a new combustion reactor based on a nickel tube with a platinum-wire 
inside and a modified open-split were developed. Furthermore, the data acquisition of the 
isotope ratio mass spectrometer and its corresponding software were improved. The second 
part of this work aims to improve the resolution by adding a second chromatographic 
dimension using a thermal modulator. To validate the system and monitor its improvement, 
6. Development of a GCGC-IRMS Towards a More Sensitive Isotope Analysis  
85 
frequently detected herbicides such as the triazine atrazine as well as the chloroacetanilides 
metolachlor and acetochlor were used as model compounds. 
 
6.2. Materials and Methods 
6.2.1. Chemicals 
Atrazine (ATZ, purity not available, CAS no. 1912-24-9) was purchased from Cfm Oskar 
Tropitzsch GmbH (Marktredwitz, Germany). Both, acetochlor (ACETO, 96.3 %, CAS no. 
34256-82-1) and metolachlor (METO, 96.2 %, CAS no. 51218-45-2) were supplied by 
Chemos GmbH (Regenstauf, Germany). Ethyl acetate (≥99.9 %, CAS no.: 141-78-6) and 
acetone (≥99.9 %, CAS no.: 67-64-1) were produced by Roth (Karlsruhe, Germany). 
 
6.2.2. EA-IRMS Measurement for Determination of Reference Values 
The isotopic compositions of the ATZ, METO and ACETO standards used for the instrument 
evaluation were determined using an elemental analyzer-isotope ratio mass spectrometer (EA-
IRMS)76. Thereto, an EuroEA (Euro Vector, Milano, Italy) was coupled to a Finnigan MAT 
253 IRMS via a FinniganTM ConFlow III interface (Thermo Fisher Scientific, Bremen, 
Germany). All standards were calibrated against the organic referencing materials USG 40 (L-
glutamic acid), USG 41 (L-glutamic acid) and IAEA 600 (caffeine). The referencing materials 
were provided by the International Atomic Energy Agency (IAEA, Vienna, Austria). 
Carbon isotope values (δ13C) are reported in per mil relative to PeeDee Belemnite (V-PDB). 
They are expressed according to equation 6.2: 
 
δ C13 = C




δ13C values were determined relative to our laboratory CO2 monitoring gas, which was 
previously calibrated against RM8563 (CO2), supplied by the IAEA. 
 
6.2.3. GC-IRMS – Initial State of the Instrumentation 
Isotope analysis was originally carried out with a TRACE GC Ultra gas chromatograph 
(Thermo Fisher Scientific, Milan, Italy) coupled to a Finnigan MAT 253 isotope ratio mass 
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spectrometer (IRMS) (Thermo Fisher Scentific, Bremen, Germany) as shown in Figure 6.1A. 
As interface between the two instruments, a Finnigan Combustion III interface (Thermo Fisher 
Scientific) was used. The IRMS was operated at an accelerating potential of 9 kV and an 
emission energy of 2 mA. The vacuum was held at 2.1  10-6 mbar. At a temperature of 
1030 °C, target analytes were combusted to the measurement gas CO2 using a GC IsoLink 
reactor consisting of NiO tube/CuO-NiO (Thermo Fisher Scientific). A volume of 1 µL 
standard was injected splitless into the Thermo injector (250 °C) using a PAL autosampler 
(CTC Analytics AG, Zwingen, Switzerland). Helium (grade 5.0) with a flow of 1.4 mL/min 
was used as a carrier gas. The GC oven was equipped with an Rxi-5ms column (60 m 
× 0.25 mm × 1 µm, Restek GmbH, Bad Homburg, Germany). For peak separation the method 
described by Meyer et al.23 was applied. Briefly, the GC temperature program started at 70 °C, 
which was held for 1 min. Afterwards, the temperature was ramped with 18 °C/min to 155 °C, 
and then with 2 °C/min to 240 °C (held for 0 min). With a ramp of 30 °C/min, the temperature 
was then increased to 260 °C, and held for 5 min. Finally, the temperature was ramped with 
15 °C/min to 280 °C, which was held for 11 min.  
 
6.2.4. GC-IRMS method for Carbon Isotope Analysis after Modifications 
A volume of 1 µL standard was injected with a split flow of 30 mL/min using a PAL 
autosampler (CTC Analytics AG, Zwingen, Switzerland). The GC oven was equipped with an 
Rxi-5ms column (20 m × 0.18 mm × 0.36 µm, Restek GmbH, Bad Homburg, Germany). The 
temperature program started at 65 °C. After 1 min, the temperature was increased with 
25 °C/min to 175 °C, which was held for 5 min. Finally, the temperature was ramped with 
15 °C/min to 280 °C, which was held for 13 min. The carrier gas flow (helium, grade 5.0), 
injector temperature (250 °C) and split flow were controlled by an Optic 3 device (ATAS, GL 
Science, Eindhoven, Netherlands). 
 
6.2.5. Evaluation of the Instrument Performance 
To validate the instrument’s performance, ATZ, ACETO and METO 
(5 mg/L,10 mg/L,50 mg/L, 100 mg/L 200 mg/L, 300 mg/L) reference standards were 
measured prior to and after instrumental changes focusing on parameters such as δ13C values, 
peak width and amplitude. 
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6.2.6. Optimization of GC equipment by Reduction of Dead Volume 
As shown in Figure 6.1B, different modifications were carried out in order to eliminate 
potential dead volumes in the system and to improve the instrument’s sensitivity. Pre-column, 
post-column and transfer line were exchanged to reduce the internal diameter capillaries from 
0.32 mm and 0.25 mm towards the smaller 0.15 mm fused silica columns. 
 
 
Figure 6.1: Schematic of a GC-IRMS system A. prior to the instrumental modification and B. after the optimization 
of the unidimensional GC-IRMS system, adapted from Elsner et al.51. 
 
6.2.6.1. Replacement of T-Valve by 4-Port Splitter 
The previously installed T-valve was replaced by a new 4-port Splitter (SGE by Trajan 
Scientific, Crownhill, UK) in order to enable the oxygen addition required for the new 
combustion reactor set-up (Figure 6.2). To this end, the fused silica capillary (post-column, 
10 cm × 0.15 mm) from the GC column was attached to CAP A, while the outflow was 
connected to the reactor via CAP B (10 cm × 0.15 mm fused silica capillary). The oxygen was 
introduced into the system via an external regulator, which was connected to CAP D via a 
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60 cm fused silica capillary (ID = 0.15 cm). The waste was connected to CAP C. In this case, 
to avoid blockages, a fused silica column with an internal diameter of 0.32 mm was used.  
 
 
Figure 6.2: Schematic set-up of the 4-port splitter. 
 
6.2.6.2. New Combustion Reactor 
As there is no reactor with internal diameters smaller than 0.5 mm commercially available, 
electroformed Ni-tubing reactors (VICI, Schenkon, Switzerland) with different internal 
diameters (0.1 mm and 0.25 mm) were tested for their efficiency to transform the target 
analytes ATZ, METO and ACETO to CO2. The reactor was placed in a ceramic tube (Firalit 
Degussit AL23, ID 1 mm) to protect the furnace. Additionally, the combination of the Ni-tube 
with platinum-wire (0.01 mm, 99.9 %, goodfellow, Hamburg, Deutschland) was investigated. 
All reactors were operated at a temperature of 1030 °C. To provide oxygen for the 
transformation of the target analytes to CO2, different amounts of O2 (2 % to 42 % O2 in He) 
were added to the reactor via the 4-port splitter. The pressure was controlled with an external 
regulator (Thermo Fischer Scientific, Bremen, Germany). 
 
6.2.6.3. Bypass of the Nafion Membrane and Reduction Oven 
In order to reduce the dead volume, the transfer line was connected directly to the open-split 
of the GC-III interface, so that the nafion membrane unit (normally used for water removal) 
and the reduction oven were bypassed. Instead, a mixture of dry ice and acetone 
(approximately -70 °C) was used as water trap, and reduction was targeted in the Ni reactor. 
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6.2.6.4. Open-Split 
The open-split was built by fixing a custom-made pressfit (glassblower) in a (i) 20 µL and (ii) 
50 µL glass capillary using epoxy adhesive. Afterwards, the transfer line from the GC was 
connected to the lower end of the pressfit and fixed with glue (2-K epoxy adhesive, Uhu Plus 
Schnellfest). To avoid clogging of the open-split the transfer line was therefore seeped through 
by helium. To adjust the position of the sniffing capillary that dipped into the upper end of the 
pressfit, and to optimize helium backflush flow and helium carrier gas flow, 5 µL volumes of 
air were injected and parameters were adjusted / optimized to reach maximum amplitudes. 
 
6.2.7. Transformation of IRMS 
A rapid data acquisition upgrade of the electronics and the software was carried out by Thermo 
Fisher Scientific (Bremen, Germany) including modifications in the resistor and capacitors in 
the faraday cup electronics.  
 
6.3. Preliminary Results and Discussion 
6.3.1. Challenges in Modifying the Instrumental Set-Up 
6.3.1.1. Open-Split 
The assembling of the open-split showed that the approach using (i) 20 µL glass capillaries 
does lead to small peak widths and high intensities of air injection - an air injection of 5 µL 
resulted in a peak width of 8 s and an amplitude of 30 V. However, this open-split set-up also 
showed an increased risk of breaking of the sniffing capillary. Thus, a second set-up with a 
larger glass capillary (ii) 50 µL was used for further instrument developments. 
 
6.3.1.2. Nickel Reactor 
The nickel reactor was not as fragile and more flexible than the ceramic IsoLink reactor 
purchased from Thermo Fisher Scientific. Thus, the application of nickel reactor tubes with 
0.1 mm ID proved to be unsuitable as this internal diameter has a tendency for blockages either 
due to deformations or due to precipitation of NiO. Consequently, a reactor with an ID of 
0.25 mm was used for further instrument development. For the analyte transformation to CO2, 
each reactor was oxidized for 12 h with 40 % O2 in helium prior to analysis. To protect the 
6. Development of a GCGC-IRMS Towards a More Sensitive Isotope Analysis  
90 
filament, the needle valve was closed during the pre-oxidation. Nevertheless, even after pre-
oxidation a constant flow of oxygen needed to be mixed into the carrier gas flow passing 
through the reactor, since the storage capacity of oxygen in nickel seemed to be small 
(Figure 6.3).  
 
 
Figure 6.3: Deviation of carbon isotope values of a 300 mg/L atrazine standard measurements (black diamonds) 
measured with a Ni-reactor (ID 0.25 mm) at a temperature of 1030 °C. The reactor was oxidized prior to the 
measurement for 12 h overnight. The grey bar shows the influence of continuous oxygen addition to the system. Isotope 
values are shown as the deviations of the measured value from the Elemental-Analyzer reference isotope value.  
 
Increasing the operating temperatures of the nickel reactor did not improve the trueness and 
precision of the analysis. It was improved by decreasing the oxygen addition from 40 % to 
2 % oxygen in helium (Figure 6.4). Based on this observation and the fact that the reduction 
oven was bypassed in the modified set-up, it is assumed that the missing accuracy is either 
caused by incomplete combustion or, more probably, by the excess of oxygen. As the tested 
analytes contain nitrogen, it is likely that the excess of oxygen and the nitrogen atom formed 
NO2, which was detected as m/z 46. This interfered with the ion currents measured for carbon 
isotope analysis: m/z 44 (12C16O16O+), m/z 45 (13C16O16O+, 12C17O16O+) and m/z 46 
(12C16O18O+, 12C17O17O+, 13C17O16O+). The ion current m/z 46 is used to correct for the 
contribution of 17O isotope in the m/z 45 signal and thus to calculate the abundance of 13C 173, 
181. As the abundance of this m/z 46 is however biased by the detection of NO2, the 18O and 
thus also the 17O isotope is overestimated. Due to the automatic 17O correction done by the 
software, the calculated abundance of 13C is underestimated and thus carbon isotope ratios are 
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biased. Precise results close to true isotope values for all three model compounds, with 
standard deviations smaller than  0.5, were achieved by inserting a platinum wire into the 
reactor and a continuous addition of 7 % oxygen in helium prior to the combustion reactor. 
This might be explained by the combination of the high temperature with the catalytic 
properties of the platinum wire182 which broke down the interfering 14NO2. Consequently, the 
46/44 mV ratios and thus the 17O-correction employed within the commercial software were 
less biased. This agrees as well with the observation that trueness improved after the 
continuous addition of oxygen was decreased to 7 % oxygen in helium after pre-oxidation. 
 
Figure 6.4: Deviation of carbon isotope values of standard measurements (300 mg/L) of atrazine, metolachlor and 
acetochlor using A. different reactors and temperatures applying 2.0 bar O2 to a Ni-tube reactor in each set-up; black 
circles show the results from analyte combustion with Thermo IsoLink reactor (original set-up), white circles show 
analyte combustion at 940 °C using a Ni-tube, black triangles show analyte combustion at 1030 °C. Analyte 
combustion at 1030 °C using Ni-tube with platinum wire is shown with white triangles. B. adding different 
concentrations of oxygen to the helium mobile phase, black circles show the results from analyte combustion with 
Thermo IsoLink reactor, combustion with a Ni-tube is shown as white squares, while red triangles represent 
combustion of the analytes with a Ni-tube containing a platinum wire. 
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6.3.1.3. Reduction of the Dead Volume 
Smaller internal diameters of the capillaries, the reactor and the open-split and thus the 
reduction in dead volumes resulted in a decrease in peak widths. The peak width of the air 
injection could be reduced by the factor of 3 (Figure 6.5) and the peak width of the model 
compounds used for evaluation was decreased 1.5 times. For example, prior to the 
modifications ATZ was measured with a peak width of 30 s at a peak area of 0.6 Vs, while a 
similar peak area of 0.7 Vs resulted in a peak width of 20 s in the modified set-up. Even though 
the peak width was decreased, this result can still be compared to peak widths reported by 
Schreglmann et al.48, who reported for comparable peak area peak widths of 10 s to 20 s for 
cold on-column injection of ATZ into a non-modified instrumental set-up. Thus, there might 
be further potential in reducing the peak width by either optimizing or changing the injection 
technique from split to cold on-column injection. The potential for further optimization is 
emphasized by Baczynski et al.66, who reported a reduction of the peak width for the analysis 
of n-alkanes by the factor of 2 (from 6 s to 3 s, peak area = n.a.). In this case, a direct 
comparison of the reported peak widths to our results, as done with the results of 
Schreglmann et al.48, is not possible due to the differences in chemical properties of the 
measured substances (n-alkanes vs. triazine derivative and chloroacetanilides). Polar 
compounds show different sorption and combustion behaviors compared to non-polar analytes 
due to their functional groups leading to an effect on the peak shape51, 172. 
 
Figure 6.5: Argon peaks (m/z = 40) of similar amplitude from air injection into the old system and into the modified 
GC-IRMS system with smaller diameters, new reactor and custom made open-split. 
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6.3.1.4. Loss in Sensitivity 
After the modifications a loss in sensitivity by the factor of 10 was observed. The decrease 
may be explained by two broken lenses (x-symmetry and EL2) of the IRMS electronics. 
Additionally, as suggested by Blumberg et al.183, a loss in sensitivity can be caused by a 
deficient installation of a modified part, e.g. a faulty adjusted helium protection stream in the 
open-split. Thus, for improvement, the instrumental set-up needs to be further controlled and 
optimized184. 
 
6.4. Conclusion and Outlook 
The system modification towards a more sensitive CSIA has started successfully. First results 
indicate that the new reactor design can provide accurate results with standard deviations 
smaller than 0.5 ‰. Due to the modified set-up, however, a decrease in sensitivity by a factor 
of 10 was observed. Thus, future approaches aim to gain back the sensitivity by adjusting the 
open split and to investigate the influence of the 4-port splitter. As soon as the loss in 
sensitivity is eliminated, it is aimed to determine the limit of precision and reproducibility of 
the micropollutants ATZ, ACETO and METO. Additionally, in order to identify the cause of 
the observed peak width, e.g. by dead volume or sorption to column or reactor, and thus to 
enable further optimization of that parameter, it is aimed to measure further substances with 
different volatility and polarity (e.g. with different functional groups). Such substances may 
be methane, n-alkanes, toluene, chlorinated substances like chlorobenzene and chlorophenol, 
benzotriazole and its derivatives. Additionally, the analysis of these substances enables further 
characterization of the new reactor compared to existing reactors in regards to its suitability 
for different substances, the limit of precise isotope analysis and the trueness of isotope values. 
In a second part of the project, the GC-IRMS will be converted to a GC×GC-IRMS by adding 
a thermal modulator (ZX1, Zoex, Houston, TX) in order to enable the analysis of 
micropollutants in complex sample matrices. In particular, this project aims to re-analyze the 
environmental samples from Chapter 3 and Chapter 4, whose analysis had been previously 
limited by the missing sensitivity of the instrumentation. Therefore, new methods must be 
developed and validated, including analytical methods as well as the test of the sample 
evaluation. 













A. Supporting Information of Chapter 2  
96 
A. Supporting Information of Chapter 2 
 
A.1. General Information 
Table A1: Properties of chloridazon and its metabolites desphenylchloridazon and methyldesphenylchloridazon 19, 99, 
111, 185. n.a. = not available 



















221.6 145.55 159.58 
Melting Point  205-206 °C 315 °C with sublimation n.a. 
Boiling Point n.a. n.a. n.a. 
Solubility in 
water (mg/L) 422 490 n.a. 
pKa 3.38 9.05 n.a. 
GC suitability Yes After derivatization Yes 
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A.2. Experimental / Methods 
A.2.1. Peak Identification and Quantification with GC-qMS 
The retention time of the target analyte was confirmed with a gas chromatography – 
quadrupole mass spectrometry (GC-qMS). A 7890A GC was coupled with a 5975C qMS 
(Agilent, Santa Clara, CA, US). The gas chromatograph was equipped with a DB-1701 column 
(J&W Scientific, Santa Clara, CA) with a length of 30 m, an inner diameter of 0.25 mm and a 
film thickness of 1 µm. The instrument was operated with helium carrier gas (grade 5.0) at a 
flow of 1.4 mL/min. A volume of 1 µL was injected with a CombiPAL autosampler (CTC 
Analytics AG, Zwingen, Switzerland) in splitless mode (injection temperature 250 °C). The 
GC temperature program, adapted from Kuhlmann 99, started at 100 °C and was held for 1 min. 
Subsequently, the temperature was ramped with 5 °C/min to its final temperature of 240 °C 
and held for 30 min. Via a heated transfer line of 250 °C, the analyte was transferred into the 
MS. Ions were generated using an electron impact ionization with an electron-accelerating 
voltage of 70 V. The MS was operated in scan mode (from m/z 40 to 550). For instrument 
control and data evaluation, the software ChemStation E.02.02.1431 was used. The data 
evaluation was carried out using m/z 145 and 159 as qualifier ions for MDPC. The m/z 159 
was also used as a quantifier ion. 
 
A.2.2. Concentration Measurements with UHPLC 
Concentrations of CLZ and DPC were determined by ultra-high pressure liquid 
chromatography quadrupole time of flight mass spectrometry (UHPLC-QTOF-MS). A Synapt 
G2 Q-TOF mass spectrometer (Waters, Milford, MA, USA) equipped with an electrospray 
(ESI) probe and coupled to an Acquity UPLC™ system (Waters) was used. A detailed 
description of the method can be found in Torrentó et al. 62. Briefly, the mass spectrometer 
was operated in positive ionization mode using the MS full scan mode. An Acquity UPLC 
BEH C18 column (50 mm × 2.1 mm, 1.7 μm, Waters) was used, at a flow rate of 0.4 mL/min 
in gradient mode. A guard column (5 mm × 2.1 mm, 1.7 μm) with an identical phase was 
placed before the column. Water and formic acid 0.05% (solvent A) and acetonitrile and 
formic acid 0.05% (solvent B) were used as mobile phase, according to the following gradient: 
2-65% B in 4.5 min, 65-100% B in 1 min, holding at 100% B for 1.5 min and re-equilibration 
at 2% B for 1.5 min.  
Quantification was performed by the internal standard method, based on peak areas, using 
terbuthylazine as internal standard. The quantifier ions for CLZ, DPC and MDPC were 
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222.039, 146.012 and 160.028, respectively. With this method, the limit of quantification was 
28.1 µg/L for DPC, 9.0 µg/L for MDPC and 4.3 µg/L for CLZ. 
 
A.2.3. Seepage Water Extraction Method Validation with Spiked Samples. 
The extraction method developed by Torrentó et al.62 was used. Briefly, 4 to 10 L water 
samples were extracted by solid phase extraction (SPE) using cartridges packed with 8 g of 
the hydrophobic Bakerbond SDB-1 (J.T. Baker) sorbent and 8 g of the hydrophilic Sepra ZT 
(Phenomenex) sorbent. Cartridges were conditioned four times with 15 mL of ethyl acetate 
(EtAc) followed by four times 15 mL of ultrapure water. Samples were extracted at a flow rate 
of 5 mL/min. Afterwards, the cartridges were washed four times with 15 mL of ultrapure water 
and dried under vacuum overnight to remove the excess of water. The eluates were eluted 
eight times with 15 mL EtAc. The eluates were evaporated until dryness followed by 
reconstitution with the required volume of ultrapure water for LC-IRMS injections and 
methanol for derivatization prior to GC-IRMS injection. 
Before extracting DPC-containing environmental seepage water samples, the SPE method was 
validated with 10 L seepage water samples spiked with 1 to 50 µg/L DPC 62. As shown in 
Figure A1, an offset of carbon and nitrogen isotope values of the spiked samples from the EA-
value is observed. As this offset is constant and also reflected in the standards, it can be 
corrected accordingly. 
 
Figure A1: Validation of the SPE method for the determination of carbon (left panel) and nitrogen (right panel) isotope 
ratios of DPC in 10-L drainage water samples (black circles) spiked with 1 to 50 µg/L DPC. Results of analyzed 
standards (empty triangles) and the EA/IRMS values (black lines) are also shown. The error bars indicate the standard 
deviations of quadruplicate (carbon) or triplicate (nitrogen) measurements. The dashed lines represent the interval of 
the ratios measured by EA/IRMS ± 0.5‰ for carbon and ± 1‰ for nitrogen. 
DPC [amp 44, mV]










nmol C on column





EA IRMS standards spiked samples
DPC [amp 28, mV]












nmol N on column





A. Supporting Information of Chapter 2  
99 
A.2.4. Fractionative HPLC –Sample Clean-Up Method for the Experiment: Evolution of 
Isotope Ratios of DPC from Different Chloridazon Sources.  
In contrast to the spiked samples for SPE method validation, the DPC-containing 
environmental seepage water samples that were spiked with CLZ showed co-eluting 
interferences in the derivatization GC-IRMS, so that an additional clean-up step was required. 
Thus, a fractionated HPLC was used after derivatization. Samples were reconstituted in 
800 µL MiliQ water/acetonitrile (90/10) and injected into a Shimadzu UHPLC-DAD (Nexera 
XR, LC-20AD XR) equipped with a Synergi 4 µm Hydro-RP 80 Å (100 mm x 4.6 µm; 
Phenomenex, Aschaffenburg, Deutschland). Thereto, a gradient of 0.1 mM KH2PO4 buffer at 
a pH of 7 and acetonitrile (ACN) was pumped at a flow rate of 1.0 mL/min. The method started 
at a percentage of 10 % ACN, held for 2 min and increased linearly to 20 % within 4 min. 
Subsequently, the gradient was increased to 50 % within 3 min and to 75 % within 9 min, held 
for 2 min, before the proportion of ACN was decreased to 10 % again (held for 5 min). The 
detector was operated at an absorbance of 210 nm. The derivatized DPC eluted at a retention 
time of 3 min. Thus, the fraction with the target analyte was collected from 1.75 to 4.10 min. 
Subsequently, the solvents of both standards and samples were evaporated by freeze-drying 
and reconstituted in 30 µL acetone. As shown in Figure A2, no isotope fractionation was 
induced. 
No. of Standards















Figure A2: MDPC standards, which were enriched with fractionative HPLC prior GC-IRMS. The black line indicates 
the referencing value of the standard determined with EA-IRMS, the dashed line shows the limits within the 
acceptable standard deviation (±1‰). 
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A.2.5. Fractionative HPLC –Separation of DPC from MDPC in Environmental Samples 
prior Derivatization. 
Within the presented feasibility study, the influence of MDPC was negligible. Thus, the 
following method has not been applied. However, for samples in which the ratio of DPC to 
MDPC is greater 10%, fractionative HPLC needs to be used prior to derivatization to separate 
the two analytes. As the method described previously in A.2.4. does not separate DPC and 
MDPC, a new method had to be developed. Therefore, both standards and samples were 
reconstituted in 800 µL MiliQ water/ACN (99/1) and injected into a Shimadzu UHPLC-DAD 
(Nexera XR, LC-20AD XR). For peak separation, a Synergi 4 µm Hydro-RP 80 Å (100 mm 
x 4.6 µm; Phenomenex, Aschaffenburg, Deutschland) was used at a temperature of 35 °C. The 
mobile phase consisted of a 0.5 mM KH2PO4 buffer at a pH of 7 and ACN and pumped at a 
flow rate of 1.0 mL/min. A gradient method was used starting at a percentage of 1 % ACN, 
held for 2 min. Then, the ACN was increased linearly to 10 % within 4 min. The gradient was 
then increased to 50 % within 3 min. Finally, the ACN was increased linearly to 75 % within 
9 min, held for 2 min. Before the next run, the proportion of ACN was decreased to 1 % again 
(held for 5 min). The absorbance of the detector was set to 210 nm. DPC eluted at a retention 
time of 4.2 min, so its fraction was collected from 1.8 min to 7.0 min. MDPC was retarded for 
7.7 min. Thus, the fraction containing MDPC was collected from 7.0 min to 11.0 min. 
Afterwards, the ACN/water mixture of these fractions were evaporated by freeze-drying. Both, 
standards and samples were reconstituted in 50 µL acetone. The standard measurements of 
DPC and MDPC (Figure A3) show that no isotope fractionation was induced. 
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No. of Standards














Figure A3: Derivatized DPC standards (circles) and MDPC standards (black diamonds), which were enriched with 
fractionative HPLC prior derivatization GC-IRMS. The different colors of circles represent different derivatization 
and measurement days. The black line indicates the referencing value of the standard determined with EA-IRMS, the 
dashed line shows the limits within the acceptable standard deviation (±1‰) 
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A.3. Results and Discussion 
 
Table A2: Isotope Ratios of 13C and 15N of selected compounds used for isotope correction determined by EA-IRMS 
Standard δ13C ± SD [‰] 
n = 5 
δ15N ± SD [‰] 
n = 5 
Desphenylchloridazon -17.84 ± 0.05 -3.81 ± 0.04 
Methyldesphenylchlroidazon -21.17 ± 0.06 +0.99 ± 0.12 
Desethylatrazine -32.08 ± 0.09 -9.42 ± 0.08 
Acetochlor -25.00 ± 0.06 +0.46 ± 0.09 
 
Table A3: Round Robin Test of Isotope Ratios of DPC determined by EA-IRMS 
Standard δ13C ± SD [‰] 
n = 5 
δ15N ± SD [‰] 
n = 5 
HMGU Laboratory 1 -17.84 ± 0.05 -3.81 ± 0.04 
HMGU Laboratory 2 -17.93 ± 0.09 -3.78 ± 0.12 
ETH Zurich n.a. -3.64 ± 0.27 
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A.3.1. LC-IRMS Chromatogram of DPC 
 
 
Figure A4: LC-IRMS chromatogram of a DPC standard (27.5 nmol C on column) showing the trace for mass 44. 
 
A.3.2. Temperature optimization during DPC derivatization.  
Figure A5 shows the application of TMSD excess applied to 250 mg/L DPC solved in 
methanol in relation to the resulting peak area ratio (PAR) at a temperature of 50 °C and 70 °C. 
BAM (250 mg/L) dissolved in methanol was used as an internal standard. The PAR is 
calculated by applying the following equation A1:  
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Figure A5: Derivatization of 250 mg/L DPC with varying excess of TMSD at 50 °C (diamonds) and 70 °C (circles). 
The black symbols show the PAR of derivatized DPC in relation to BAM (internal standard), while the white symbols 
represent the PAR of the remaining fraction of DPC in relation to BAM 
 
 





Dr. Ehrenstorfer -24.65 ± 0.04 -22.22 ± 0.03 
Sigma Aldrich -23.37 ± 0.03 -32.04 ± 0.05 
Neochema -24.67 ± 0.04 -22.17 ± 0.05 
Oskar Tropitzsch -27.43 ± 0.02 -5.70 ± 0.03 
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Table A5: Initial composition of seepage water used for the experiment: Evolution of Isotope Ratios of DPC from 
Different Chloridazon sources 
Compound Concentration 
[µg/L] 
CLZ (source A) < 0.02 
DPC (from degraded CLZ A) 10.5 





2,6 Dichlorobenzamid 10 
 












0 months t0 136.0 81.7 <0.3 
7 months t1 88.7 120.9 0.5 
11 months t2 0.0 163.5 0.5 
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C. Supporting Information of Chapter 3 
 
C.1. Formation and Transformation of Desphenylchloridazon 
 
Figure C1: A. Formation of DPC, where the newly formed DPC is expected to contain equally or lower 13C/12C isotope 
ratio than its precursor CLZ; B. Transformation of DPC, where carbon and nitrogen isotope effects are expected 
(primary isotope effect); Reactive groups in CLZ and DPC for which isotope enrichment is expected compared to 
their initial isotope value are indicated in blue, while isotope depletion (which is expected for the formed MDPC and 
for 2-hydroxymuconate formed from the phenyl ring of CLZ) is indicated by red boxes; adapted from Lingens et al.86 
and Roberts et al.88 
 
C.2. Materials and Methods 
C.2.1. Chemicals 
For experiments and isotope analysis, CLZ (5-Amino-4-chloro-2-phenylpyridazin-3(2H)-one, 
CAS no. 1698-60-8) was purchased from Cfm Oskar Tropitzsch GmbH (purity n.a., 
Marktredwitz, Germany), DPC (5-Amino-4-chloro-3-pyridazinone, CAS no.: 6339-19-1) was 
kindly provided from BASF (99.8%, Limburgerhof, Germany) and MDPC (5-amino-4-chloro-2-
methyl-3(2H)- pyridazinone, CAS no.: 17254-80-7) was supplied by LGC Standards GmbH 
(Wesel, Germany). (Trimethylsilyl)diazomethane, 2.0 M dissolved in diethyl ether (CAS no.: 
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18107-18-1, acute toxicity and health hazardous), sodium persulfate (≥99.9%, CAS no.: 7775-
27-1) and phosphoric acid (≥85%, CAS no.: 7664-38-2) were obtained from Sigma Aldrich 
(Merck KGaA, Darmstadt, Germany), while methanol (≥99.9%, CAS no.: 67-56-1) and 
acetone (≥99.9%, CAS no.: 67-64-1) were received from Roth (Karlsruhe, Germany). Ethyl 
acetate (≥99.9%, CAS no.: 141-78-6) was supplied by Honeywell (Burdick & Jackson, 
Muskegon, USA). Ultrapure water was derived from a Millipore DirectQ apparatus 
(Millipore, Bedford, MA, USA). Empty polyethylene cartridges (6 mL and 60 mL) and 
matching polyethylene frits (20-μm pore size) were obtained from Grace (Columbia, SC, 
USA). Bakerbond SDB-1 sorbent was supplied by J.T. Baker (Phillipsburg, NJ, USA), 
whereas the Sepra ZT sorbent was received from Phenomenex (Torrance, CA, USA). For 
concentration analysis, Pestanal-quality CLZ and terbuthylazine (CAS no.: 5915-41-3) 
standards were purchased from Sigma-Aldrich (Seelze, Germany). Certified standards of 
DPC, M-DPC and chloridazon-d5 (CAS no.: 1346818-99-4) were purchased from Dr. 
Ehrenstorfer GmbH (Wesel, Germany).  
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C.2.2. Lysimeter Facility Set-Up 
 
Figure C2: A. Facility and B. lysimeter set-up used for the lysimeter field study provided by Agroscope, pictures 
adapted from Reckenholtz186, 187  
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Size Distribution of Mineral Particles 
[%] 
Clay Silt Sand 
Gravel Soil 
Ap 0 - 50 1.7 20 23 57 
B1 50 - 60 0.9 27 20 64 
B2 60 - 70 1.1 19 24 57 
B3 70 - 100  20 24 57 
B4 110 - 120  19 21 60 
C 120 - 135  17 18 65 
C Sandy alluvial deposits 
Moraine Soil 
Ap 0 - 50 2.1 22 34 44 
B1 50 - 70 1.5 23 35 43 
B2 70 - 90 0.4 22 38 40 
B3 90 - 110  20 40 40 
B4 110 - 140  21 42 37 
C 140 - 160  20 41 38 
C Loamy moraine deposits 
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C.2.3. Application Details of Chloridazon and Desphenylchloridazon 
Table C2: DPC and CLZ and tracer application to the lysimeters (L) and heavy irrigation events (30-50 mm at 
1 mm/min) during the period of monitoring. Although not shown here, regular low-intensity irrigation events (5-20 
mm once a week at 0.2 mm/min) were also applied. Sowing and harvest dates are also shown. The following winter 
covers were used: stubbles (2014), bare fallow (2015) and stubbles (2016 and 2017) 
Date DPC / CLZ Application Heavy 
Irrigation [mm]
12-05-2014 Corn sowing  
14-05-2014 - 30 mm 
12-06-2014 CLZ depth injection (L6, L7): 2.0 g per 
lysimeter + uranine (0.41 g per lysimeter) 
40-55 mm 
28-07-2014 - 40 mm 
31-07-2014 - 30-35 mm 
10-09-2014 Corn harvesting  
10-09-2014 - 40 mm 
15-09-2014 - 40 mm 
24-02-2015 - 30 mm 
25-03-2015 Sugar beet sowing  
06-05-2015 CLZ surface application (L4, L8): 
3.0 kg/ha + uranine (1.3 kg/ha)  
DPC surface application (L1, L12): 3.2 
kg/ha + uranine (1.3 kg/ha) and NaBr 
(500 kg/ha) 
50 mm 
21-05-2015 - 55 mm 
03-08-2015 - 30 mm 
10-08-2015 - 45 mm 
07-10-2015 - 40 mm 
12-10-2015 - 40 mm 
13-11-2015 Sugar beet harvesting  
12-05-2016 Corn sowing  
28-06-2016 - 50 mm 
04-07-2016 - 50 mm 
14-09-2016 Corn harvesting  
31-10-2016 - 50 mm 
07-11-2016 - 50 mm 
07-03-2017 - 30 mm 
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Date DPC / CLZ Application Heavy 
Irrigation [mm]
09-03-2017 - 40 mm 
18-04-2017 Broccoli (L1,L4,L6) and Chinese cabbage (L12,L8,L7) 
planting 
- 
20-06-2017 Broccoli and Chinese cabbage harvesting - 
10-07-2017 - 40 mm 
11-07-2017 Lettuce (L1,L4,L6) and leek Allium (L12,L8,L7) planting - 
22-08-2017 Lettuce harvesting - 
23-08-2017 Lettuce (L1,L4,L6) planting - 
02-09-2017 - 40 mm 
30-10-2017 Lettuce harvesting  - 
09-11-2017 Leek harvesting  - 
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C.2.4. UHPLC‐MS/MS Parameters 
Table C3: Optimized compound dependent MS/MS parameters. Other source and collision cell parameters were set 
as follows: ion spray (IS) voltage +5.5 kV, gas temperature (TEM) 500 °C, nebulizing gas (GS1) 60 psi, drying gas 


























































































Q: quantification ion; q: qualification ion; DP: declustering potential; EP: entrance potential; CE: collision energy; 
CXP: collision cell exit potential 
 
C.2.5. UHPLC-QTOF-MS method 
An Acquity UPLC™ system was coupled with a Synapt G2 QTOF-MS (Waters). A guard 
column (5 mm × 2.1 mm, 1.7 μm) and Acquity UPLC BEH C18 column (50 mm × 2.1 mm, 
1.7 μm, Waters) were used at a flow rate of 0.4 mL/min in gradient mode. The mobile phase 
consisted of water (incl. formic acid 0.05 %) and acetonitrile (ACN) containing 0.05 % formic 
acid. The gradient method started at 2 % ACN/formic acid and was increased linearly to 65 % 
within 4.5 min. Subsequently, the gradient was increased to 100 % within 1 min, held for 
1 min and re-set to 2 % for re-equilibration. The analytes were quantified based on peak area 
ratios using terbuthylazine as an internal standard. The quantifier ions for CLZ, DPC and 
MDPC were 222.039, 146.012 and 160.028, respectively. 
 
C.2.6. Large Volume Solid-Phase Extraction According to Torrentó et al.62 
For isotope analysis, all lysimeter samples were filtered through 0.7 µm glass fiber filters and 
were concentrated by SPE using the method described in Torrentó et al.62, Shortly, hand-filled 
60 mL polyethylene cartridges packed with 8 g of Bakerbond SDB-1 sorbent and 8 g of Sepra 
ZT sorbent were rinsed with 60 mL ethyl acetate (EtAc), conditioned with 60 mL methanol 
and 60 mL ultrapure water. Subsequently, sample volumes between 1 and 11 L were extracted 
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at a flow rate of 5 mL/min. Each cartridge was then washed with 60 mL ultrapure water. To 
remove residual water, all cartridges were dried under vacuum overnight. The analytes were 
then eluted with 120 mL EtAc and the extracts were finally evaporated until dryness using a 
CentriVap Benchtop vacuum concentrator (Labconco, Kansas City, MO, USA). Each dry 
extract was reconstituted in several steps. The final reconstitution volume and solvent varied 
depending on the isotope analysis method. For carbon isotope analysis, samples were 
reconstituted in 0.1 mL to 2.5 mL ultrapure water, while in preparation for nitrogen isotope 
analysis, each sample was reconstituted in 1 mL methanol. 
 
C.2.7. Preparative HPLC 
As already described by Melsbach et al.118, SPE extracts were reconstituted in 800 µL 
ultrapure water/ACN (90/10 v/v) and manually injected into a Shimadzu UHPLC-DAD 
(Nexera XR, LC-20AD XR) equipped with a Synergi 4 µm Hydro-RP 80 Å 
(100 mm x 4.6 µm; Phenomenex, Aschaffenburg, Deutschland). The oven was set to a 
temperature of 35 °C. A 0.5 mM KH2PO4 buffer at pH 7 and ACN were used as mobile phases. 
At a flow rate of 1.0 mL/min, a gradient method was used for peak separation. The proportion 
of ACN was 1 % for 2 min, was linearly increased to 10 % within 4 min (held for 0 minutes) 
was again linearly increased to 50 % within 3 minutes (held for 2 min) before a finally linear 
increase to 75 % within 9 min (held for 2 min). At the end of the run, the proportion of ACN 
was decreased to 1 % again (held for 5 min). The absorbance of the detector was set to 210 nm. 
DPC-containing fractions were collected from 1.8 min to 7.0 min and MDPC-containing 
fractions from 7.0 min to 11.0 min. Subsequently, the fractions were evaporated until dryness 
by freeze-drying. Afterwards, the fraction containing MDPC was reconstituted in 50 µL 
acetone, while the DPC fraction was prepared for derivatization by reconstituting the sample 
in 1 mL methanol. 
 
C.2.8. Elemental-Analyzer Isotope Ratios used for Correction Procedure 
Table C4: Isotope ratios of 13C and 15N of selected compounds used for isotope correction determined by EA-IRMS; 
measurement uncertainty is shown as standard deviation (SD) of n=5 measurements 
Standard δ13C ± SD [‰] δ15N ± SD [‰] 
Desphenylchloridazon -17.84 ± 0.05 -3.81 ± 0.04 
Methyldesphenylchloridazon -21.17 ± 0.06 +0.99 ± 0.12 
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C.2.9. Calculation of Analyte Recovery from the Lysimeter Drainage Water 
The balance between the applied/injected mass and the total recovered mass %Retotal (i.e. sum 
of the recovered masses of the applied/injected compound and its metabolite(s)) is based on 
the cumulative recovery %ReCompound of CLZ, DPC and DPC from the drainage water 
according to equations C1 and C2: 
 
 %𝑅𝑒஼௢௠௣௢௨௡ௗ ൌ  ∑ ௖೏೐೟೐೎೟೐೏ ൈ ௏೏ೝೌ೔೙ೌ೒೐ ೢೌ೟೐ೝ
೙బ  
 ௠ೌ೙ೌ೗೤೟೐ ೌ೛೛೗೔೐೏  ൈ 100 (C1) 
 
 
 %𝑅𝑒௧௢௧௔௟ ൌ  ∑ %𝑅𝑒஼௅௓ ൅ %𝑅𝑒஽௉஼ ൅ %𝑅𝑒ெ஽௉஼ (C2) 
 
where n is the time of monitoring (days), cdetected is the analyte concentration measured in the 
drainage water of the particular date, Vdrainage water is the corresponding volume of the 
drainage water eluting from the lysimeter and manalyte applied is the mass of the analyte (DPC 
or CLZ) applied/injected on the lysimeter. The mass balance was considered incomplete when 
%Retotal differs from 100%. When possible, analyte mass retained in the first layer of the soil 
was also considered for the mass balance. To this end, the percentage of retained analyte was 
calculated from concentration measurements in soil samples assuming (i) homogenous areal 
distribution of the analytes, and (ii) that the first 10 cm soil layer corresponds to 408 kg of soil 
(using a bulk density of approximately 1.3 g/cm3 for the topsoil). 
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C.3. Results  
C.3.1. Water balance 
Table C5: Average monthly sums (in mm) of the water-balance components from the two soil types during 2014, 2015, 
2016 and 2017: irrigation (I), drainage (D), change in soil water storage (ΔSWS), and evapotranspiration (ET). 
 
2014 2016 
Gravel Moraine Gravel Moraine 
I D ΔSWS ET I D 
ΔSW
S ET I D 
ΔSW
S ET I D 
ΔSW
S ET 
Jan 60 70 -1 0 60 68 -4 0 33 20 2 10 32 12 7 13 
Feb 74 62 12 1 74 60 15 4 26 9 0 17 27 6 3 17 
Mar 7 39 -60 29 8 37 -66 36 50 14 6 30 50 9 6 35 
Apr 86 12 10 65 89 12 5 72 54 22 -7 39 53 17 -9 45 
May 111 13 14 84 97 2 23 72 18 12 -19 26 18 10 -19 27 
Jun 167 117 -51 102 187 126 -40 101 88 15 18 56 88 7 22 59 
Jul 86 11 -3 78 89 9 0 80 115 41 -92 166 112 36 -103 178 
Aug 91 19 -34 106 94 15 -27 105 60 4 -73 128 59 1 -83 141 
Sep 123 14 49 60 126 18 51 58 27 1 -8 34 28 0 -16 43 
Oct 32 8 9 16 32 11 7 15 73 0 56 16 73 0 53 19 
Nov 30 4 13 13 30 7 7 15 160 21 125 13 158 5 134 18 
Dec 68 39 4 24 65 45 1 19 0 15 -23 8 0 2 -14 12 
Total 936 407 -38 577 950 409 -27 578 704 175 -15 544 697 108 -18 607 
 
2015 2017 
Gravel Moraine Gravel Moraine 
I D ΔSWS ET I D 
ΔSW
S ET I D 
ΔSW
S ET I D 
ΔSW
S ET 
Jan 27 14 -2 16 29 11 1 17 0 4 -5 3 0 2 -3 3 
Feb 60 23 18 19 63 28 16 20 16 2 5 9 16 1 3 12 
Mar 49 30 -12 31 52 30 -10 32 60 36 1 24 64 24 15 26 
Apr 52 12 -3 43 52 9 -3 46 26 7 6 12 22 8 5 10 
May 172 109 -8 71 164 104 -6 66 31 15 -34 50 31 12 -39 58 
Jun 28 13 -80 95 27 10 -88 104 56 7 -40 88 62 3 -1 59 
Jul 74 5 -38 108 73 2 -45 116 95 5 73 18 95 15 60 20 
Aug 107 12 7 88 111 12 6 92 50 14 -17 53 42 36 -44 51 
Sep 114 16 42 57 112 12 33 67 87 64 26 2 87 31 20 36 
Oct 112 24 58 30 112 9 59 45 19 15 -3 7 16 5 -30 41 
Nov 29 10 2 17 26 4 6 15 69 51 31 0 73 6 66 1 
Dec 36 20 6 11 35 8 15 12 71 107 6 0 80 122 10 0 
Total 861 287 -11 585 855 240 -18 633 581 327 48 266 588 266 61 315 
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C.3.2. Vegetation cover 
No attempts were made to estimate the percentage of each lysimeter area covered by vegetation since no significant differences in the evolution with time of the plants development between the two soil types or between 
the two pesticide application methods were observed. In the lysimeters with DPC application (L1 and L12), most of the sugar beet plants died and thus the vegetation cover was much lower in these two lysimeters 
compared to the lysimeters with CLZ application. Figure S3 shows pictures of the evolution of the vegetation cover on selected lysimeters and dates. The effect of vegetation cover on DPC leaching and isotope 
fractionation was thus not assessed. 
 
 
Lysimeters with CLZ application Lysimeters with CLZ injection Lysimeters with DPC application 
Gravel soil (L4) Moraine soil (L8) Gravel soil (L6) Moraine soil (L7) Gravel soil (L1) Moraine soil (L12) 
327 days before CLZ application  
(13.06.2014) 
 
327 days before CLZ application  
(13.06.2014) 
1 day after CLZ injection  
(13.06.2014) 
1 day after CLZ injection  
(13.06.2014) 
 
327 days before DPC application  
(13.06.2014) 
 
327 days before DPC application  
(13.06.2014) 
 
292 days before CLZ application  
(18.07.2014) 
 
292 days before CLZ application  
(18.07.2014) 
 
36 days after CLZ injection  
(18.07.2014) 
 
36 days after CLZ injection  
(18.07.2014) 
 
292 days before DPC application  
(18.07.2014) 
 
292 days before DPC application  
(18.07.2014) 
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238 days before CLZ application  
(10.09.2014) 
 
238 days before CLZ application  
(10.09.2014) 
 
90 days after CLZ injection  
(10.09.2014) 
 
90 days after CLZ injection  
(10.09.2014) 
 
238 days before DPC application  
(10.09.2014) 
 
238 days before DPC application  
(10.09.2014) 




Corn harvesting, 238 days before 
CLZ application 
 (10.09.2014) 
Corn harvesting, 90 days after 
CLZ injection 
 (10.09.2014) 
Corn harvesting, 90 days after 
CLZ injection  
(10.09.2014) 
 




Corn harvesting, 238 days before 
DPC application 
 (10.09.2014) 
6 days before CLZ application  
(30.04.2015) 
 
6 days before CLZ application  
(30.04.2015) 
322 days after CLZ injection  
(30.04.2015) 
322 days after CLZ injection  
(30.04.2015) 
 
6 days before DPC application  
(30.04.2015) 
 
6 days before DPC application  
(30.04.2015) 
9 days after CLZ application  
(15.05.2015) 
 
9 days after CLZ application  
(15.05.2015) 
337 days after CLZ injection 
 (15.05.2015) 
337 days after CLZ injection  
(15.05.2015) 
 
9 days after DPC application  
(15.05.2015) 
 
9 days after DPC application  
(15.05.2015) 
14 days after CLZ application  
(20.05.2015) 
 
14 days after CLZ application  
(20.05.2015) 
342 days after CLZ injection  
(20.05.2015) 
342 days after CLZ injection  
(20.05.2015) 
 
14 days after DPC application  
(20.05.2015) 
 
14 days after DPC application  
(20.05.2015) 












Figure C3: Changes with time in the vegetation cover of the lysimeters with CLZ application (left panels), the lysimeters with CLZ injection (middle panels) and the lysimeters with DPC application (right panels) 
  
44 days after CLZ application  
(19.06.2015) 
 
44 days after CLZ application  
(19.06.2015) 
372 days after CLZ injection  
(19.06.2015) 
372 days after CLZ injection  
(19.06.2015) 
 
44 days after DPC application  
(19.06.2015) 
 
44 days after DPC application  
(19.06.2015) 
154 days after CLZ application  
(07.10.2015) 
 
154 days after CLZ application  
(07.10.2015) 
482 days after CLZ injection  
(07.10.2015) 
482 days after CLZ injection  
(07.10.2015) 
 
154 days after DPC application  
(07.10.2015) 
 
154 days after DPC application  
(07.10.2015) 
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C.3.3. Analytes breakthrough and recovery 
Table C6: Observed breakthrough parameters and recoveries for chloridazon (CLZ), desphenylchloridazon (DPC), 
bromide (BR), and uranine (UR) in the six lysimeters used in this study. Time and cumulative drainage values 
correspond to days passed and millimeters accumulated since application or injection, respectively. Maximum 
concentrations are shown as the absolute and normalized by the applied or injected mass (C/Mapplied) values. Details 
about the calculation of analyte recovery can be found on section II.9. Note that bromide was only applied in lysimeters 
with DPC application. DPC data are also shown for lysimeters with CLZ application or injection for comparison (in 
grey). *: incomplete series, bql: below quantification limit (0.05 µg/L for UR and 10 µg/L for BR). Details about 
analytical methods for determining tracer concentrations can be found in Torrentó et al.62 
DPC surface application gravel soil (L1) moraine soil (L12) DPC BR UR DPC BR UR 
time of first arrival [d] 137 0.2 bql 15 0.4 0.4 
time of peak concentration [d] 566 180 bql 425 354 0.4 
maximum concentration [µg/L] 97 118020 bql 8.3 57400 bql 
maximum concentration, C/Mapplied 9.7E-05 9.7E-01 - 8.2E-06 4.7E-01 - 
cumulative drainage at peak 
concentration [mm] 458 260 - 303 269 - 
time of total recovery [d] 930 352* 566 939 354* 425 
total recovery [%] 5.9 47.3* 0.001 0.3 10.5* 0.002 
 No early breakthrough  
No early breakthrough 
 
CLZ surface application gravel soil (L4) moraine soil (L8) CLZ DPC UR CLZ DPC UR 
time of first arrival [d] 595 427 bql 425 425 0.1 
time of peak concentration [d] 595 847 bql 425 889 0.1 
maximum concentration [µg/L] 0.09 17.2 bql 0.23 5.64 3.55 
maximum concentration, C/Mapplied 9.6E-08 - - 2.4E-07 - 8.7E-06
cumulative drainage at peak 
concentration [mm] 327 414 - 169 331 4 
time of total recovery [d] 931 931 568 940 940 440 






No early breakthrough 
 
Early breakthrough: UR 
 
   
C. Supporting Information of Chapter 3   
132 
CLZ depth injection gravel soil (L6) moraine soil (L7) CLZ DPC UR CLZ DPC UR 
time of first arrival [d] 0.2 1.1 0.2 0.2 6.1 0.2 
time of peak concentration [d] 270 495 11 266 756 0.2 
maximum concentration [µg/L] 232.9 469.7 22.07 97.0 485.1 39.88 
maximum concentration, C/Mapplied 1.2E-04 - 5.4E-05 4.8E-05 - 9.8E-05
cumulative drainage at peak 
concentration [mm] 166 325 53 183 474 8 
time of total recovery [d] 1259 1259 320* 1217 1217 320* 
total recovery [%] 3.4 19.8 0.8* 2.0 21.2 1.2* 
 Early breakthrough: CLZ, DPC, UR 
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Figure C4: Breakthrough curves for chloridazon (CLZ), desphenylchloridazon (DPC), bromide (BR) and uranine 
(UR) in the six lysimeters used in this study. 
  









Figure C5. DPC, CLZ, bromide (Br), uranine (UR) recoveries against cumulative drainage for the six combinations of application method and soil type. Note that each lysimeter is shown in two different plots with different scales, as recoveries were in general much higher 
for bromide than for DPC, CLZ and uranine 
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C.3.4. Soil Analysis 
Table C7: Concentration measurements of chloridazon and desphenylchloridazon residues within the first soil layers; 
the limit of quantification (LOQ) was 0.05 mg/kg for CLZ and DPC; measurement uncertainty is shown as 95 % 
confidence interval (95 % CI) 
Lysimeter CLZ [mg/kg ± 95 % Cl]
DPC 
[mg/kg ± 95 % Cl]
L1 n.a. 0.082 ± 0.041 
L12 n.a. 0.18 ± 0.09 
L6 <LOQ <LOQ 
L7 <LOQ <LOQ 
L4 <LOQ 0.081 ± 0.041 
L8 <LOQ 0.12 ± 0.06 
 
C.3.5. Elemental-Analyzer Isotope Ratios 
Table C8: Isotope ratios of 13C and 15N of chloridazon and desphenylchloridazon applied to the lysimeters determined 
by EA-IRMS; measurement uncertainty is shown as standard deviation (SD) of n=5 measurements 
Compound δ13C ± SD [‰] δ15N ± SD [‰]
Desphenylchloridazon -17.84 ± 0.05 -3.81 ± 0.04 
Chloridazon -27.43 ± 0.02 -5.70 ± 0.03 
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C.3.6. Chloridazon Depth Injection 
 
Figure C6: Lysimeters with CLZ injection in depth (a single injection in June 2014 at a depth of 40 cm):  L6 in gravel 
soil (left panels) and L7 in moraine soil (right panels). a) Daily irrigation (black bars) and cumulative drainage (grey 
line), b-d) Concentration of CLZ (green circles), DPC (blue diamonds) and MDPC (black triangles), e) metabolite-to-
parent compound molar ratio of DPC/CLZ (black hexagon), f) Carbon (black diamonds) and nitrogen (red diamonds) 
isotope ratios of DPC, and nitrogen isotope values of MDPC (red triangles) , error bars show the associated 
uncertainties (±0.5 ‰ for carbon, ±1.0 ‰ for nitrogen isotope analysis; or when exceeding this uncertainty, standard 
deviations of triplicate measurements are given, EA isotope values of the injected CLZ is shown as a line within the 
accepted standard deviation ± σ shown as a dashed line in the corresponding color; g) metabolite-to-parent compound 
molar ratio of MDPC/DPC (black diamonds), h) season corresponding to the time since injection – spring (green 
horizontal lines), summer (red vertical lines), autumn (yellow dots), winter (blue diagonal lines); the grey dashed lines 
repeated in each sub-figure represent the start of a new year. 
   
C. Supporting Information of Chapter 3   
 139
C.3.7. Nitrogen Isotope Ratios of DPC and MDPC 
Table C9: Nitrogen isotope ratio of DPC and their corresponding MDPC isotope values of lysimeter L1; measurement 
uncertainty is shown as standard deviation (SD) of triplicate measurements 
Sample Date δ15N DPC ± SD [‰] δ15N MDPC ± SD [‰] δ15N [‰] 
23/11/16 -0.9 ± 0.5 -5.3 ± 0.3 -4.4 
09/03/17 -1.2 ± 0.2 -4.9 ± 1.0 -3.7 
05/05/17 -1.0 ± 0.1 -5.2 ± 0.9 -4.2 
 
Table C10: Nitrogen isotope ratio of DPC and their corresponding MDPC isotope values of lysimeter L12; 
measurement uncertainty is shown as standard deviation (SD) of triplicate measurements 
Sample Date δ15N DPC ± SD [‰] δ15N MDPC ± SD [‰] δ15N [‰] 
05/07/2016 -1.2 ± 0.3 -8.5 ± 0.7 -7.3 
09/03/2017 -2.7 ± 0.1 -8.0 ± 1.4 -5.3 
 
Table C11: Nitrogen isotope ratio of DPC and their corresponding MDPC isotope values of lysimeter L6; 
measurement uncertainty is shown as standard deviation (SD) of triplicate measurements; for one sample only a single 
measurement was possible, indicated by a missing standard deviation 
Sample Date δ15N DPC ± SD [‰] δ15N MDPC ± SD [‰] δ15N [‰] 
21/05/15 -7.3 ± 0.4 -6.7 ± 0.8 -1.1 
23/06/15  -7.1 ± 0.4 -4.3 ± 1.3 -1.0 
21/03/16  -6.6 ± 0.5 -11.9 ± 0.5 -5.8 
28/04/16  -4.2 -11.8 ± 0.1 -6.6 
09/06/16  -5.4 ± 0.8 -10.8 ± 0.4 -4.5 
05/07/16  -6.3 ± 0.4 -12.4 ± 0.3 -6.8 
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E. Supporting Information of Chapter 4 
E.1. Volumes and Concentrations of Groundwater used for this Study 
 
Table E1: Concentration of ATZ, DEA and BAM spiked in relation to the volume extracted 
Volume 
[L] 
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Scheme E1: Hypothesized ATZ-Humic substance-complex by a) hydrogen-bonding and b) proton transfer as 
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E.3. General Analysis – Total Organic Carbon 
 
Figure E1: TOC Measurements of the source Haertigen 1 over a period of 1.5 years 
 
  




Figure E2: Chromatograms of DEA and BAM after HPLC-cleanup and on-column injection of a) 1 L b) 10 L and c) 
100 L of water extraction; d) measurement of a 20 mg/L DEA and BAM standard prior to the analysis of the extracted 





% per centum (Latin) – percent; parts per hundred 
µg microgram; 1 µg = 1ꞏ10-6 g 
µL microliter; 1 µL = 1ꞏ10-6 L 
µmol micromole; 1 µmol = 1ꞏ10-6 mol 
‰ pro mille (Latin) – per mil; parts per thousand 





CAS chemical abstracts service 
CI control interval 
CLZ chloridazon 
cm centimeter; 10ꞏ10-2 m 
CSIA compound-specific stable isotope analysis 
d day 








Dr. Doktor (German) - Doctor, equivalent to PhD 
e.g. exempli gratia (Latin) - for example 
EA elemental analysis 
ESI electrospray ionization 
et al. et alii (Latin) – and others 
g gram; 1 g = 1ꞏ10-3 kg 
GC gas chromatography 
GC-qMS gas chromatography – quadrupole mass 
spectrometer 
h hour; 1h = 60 min 
HAT 2-hydroxyatrazine 
HMGU Helmholtz Zentrum München GmbH 
HPLC high performance liquid chromatography 
HS humic substances 
IAEA International Atomic Energy Agency 
IRMS isotope ratio mass spectrometry 
kg kilogram  
KIE kinetic isotope effect 
L lysimeter 
L liter 
LC liquid chromatography 
m/z ratio of molecular (or atomic) mass to the charge 
number if the ion 





mg milligram; 1 mg = 1ꞏ10-6 kg 
min minute; 1 min = 60 s 
mL milliliter; 1 mL = 1ꞏ10-3 L 
mM millimolar; 1 mM = 1ꞏ10-3 M 
mmol millimol; 1 mmol = 1ꞏ10-3 mol 
MS mass spectrometry 
n.a. not applicable 
ng nanogram; 1ng = 1ꞏ10-9 g 
nmol nanomol; 1 nmol = 1ꞏ10-9 mol 
pg picogram; 1pg = 1ꞏ10-12 g 
pH potential Hydrogenii (Latin) – decimal logarithm of 
the reciprocal of the hydrogen activity in water 
pKa logarithmic from of the acid dissociation constant 
Ka; pKa = -log10 Ka 
pmol picomol; 1 mmol = 1ꞏ10-12 mol 
ppm parts per million; 1 ppm = 1ꞏ10-6 
ref reference 
s second 
SD standard deviation 
SPE solid-phase extraction 
TMSD trimethylsilyldiazomethane 
TOC total organic carbon 
Abbreviations  
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UHPLC-QTOF-MS  ultra-high performance liquid chromatography-
quadrupole time-of-flight mass spectrometry  
USGS 40  L-glutamic acid; δ13C = -26.389 ‰ ± 0.042 ‰, δ15N 
= -4.5 ‰ ± 0.1 ‰  
USGS 41 L-glutamic acid; δ13C = 37.626 ‰ ± 0.049 ‰, δ15N 
= 47.6 ‰ ± 0.2 ‰ 
UV ultraviolet 
V-PDB Vienna PeeDee Belemnite 
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